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Fast	 ﾠmovements	 ﾠhave	 ﾠtraditionally	 ﾠbeen	 ﾠavoided	 ﾠduring	 ﾠrehabilitation	 ﾠafter	 ﾠstroke	 ﾠfor	 ﾠfear	 ﾠ
that	 ﾠthey	 ﾠmight	 ﾠincrease	 ﾠspasticity.	 ﾠHowever	 ﾠmovements	 ﾠin	 ﾠdaily	 ﾠlife	 ﾠrequire	 ﾠalterations	 ﾠin	 ﾠspeed.	 ﾠIn	 ﾠ
healthy	 ﾠindividuals	 ﾠ(n=14),	 ﾠ1	 ﾠweek	 ﾠof	 ﾠintensive	 ﾠreaching	 ﾠtraining	 ﾠin	 ﾠa	 ﾠrobotic	 ﾠmanipulandum	 ﾠbiased	 ﾠ
participants	 ﾠmovement	 ﾠspeed	 ﾠduring	 ﾠother	 ﾠtasks	 ﾠperformed	 ﾠin	 ﾠthe	 ﾠmanipulandum:	 ﾠpeople	 ﾠwho	 ﾠ
trained	 ﾠto	 ﾠmove	 ﾠslowly	 ﾠtended	 ﾠto	 ﾠmove	 ﾠmore	 ﾠslowly	 ﾠwhereas	 ﾠthe	 ﾠopposite	 ﾠwas	 ﾠtrue	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ
training	 ﾠgroup.	 ﾠYet	 ﾠthe	 ﾠimprovement	 ﾠin	 ﾠmovement	 ﾠaccuracy	 ﾠwas	 ﾠthe	 ﾠsame	 ﾠin	 ﾠboth	 ﾠgroups.	 ﾠ
	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠIn	 ﾠchronic	 ﾠstroke	 ﾠsurvivors	 ﾠ(n=37)	 ﾠfunctional	 ﾠability	 ﾠbefore	 ﾠtraining	 ﾠwas	 ﾠdetermined	 ﾠby	 ﾠ
muscle	 ﾠstiffness	 ﾠand	 ﾠweakness.	 ﾠEndpoint	 ﾠaccuracy	 ﾠimproved	 ﾠafter	 ﾠtraining	 ﾠat	 ﾠboth	 ﾠmovement	 ﾠspeeds	 ﾠ
in	 ﾠall	 ﾠparticipants	 ﾠapart	 ﾠfrom	 ﾠthose	 ﾠwith	 ﾠthe	 ﾠgreatest	 ﾠsensory	 ﾠimpairment.	 ﾠHowever,	 ﾠtraining	 ﾠat	 ﾠthe	 ﾠ
different	 ﾠspeeds	 ﾠmodified	 ﾠdifferent	 ﾠkinematic	 ﾠparameters	 ﾠof	 ﾠthe	 ﾠtask	 ﾠ(e.g.	 ﾠmovement	 ﾠtrajectory	 ﾠ
versus	 ﾠvelocity	 ﾠprofile)	 ﾠso	 ﾠthat	 ﾠtraining	 ﾠat	 ﾠone	 ﾠspeed	 ﾠdid	 ﾠnot	 ﾠgeneralise	 ﾠwell	 ﾠto	 ﾠmovements	 ﾠ
performed	 ﾠat	 ﾠnon-ﾭ‐trained	 ﾠspeed.	 ﾠMost	 ﾠinterestingly	 ﾠmuscle	 ﾠstiffness	 ﾠwas	 ﾠnot	 ﾠincreased	 ﾠby	 ﾠtraining	 ﾠat	 ﾠ
high	 ﾠvelocity.	 ﾠUnexpectedly,	 ﾠit	 ﾠwas	 ﾠreduced	 ﾠand	 ﾠfunctional	 ﾠability	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠability	 ﾠto	 ﾠreach	 ﾠ
outside	 ﾠof	 ﾠthe	 ﾠrobotic	 ﾠmanipulandum	 ﾠimproved.	 ﾠ	 ﾠ
	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠTranscranial	 ﾠmagnetic	 ﾠstimulation	 ﾠon	 ﾠa	 ﾠsample	 ﾠof	 ﾠthese	 ﾠstroke	 ﾠparticipants	 ﾠ(n=19)	 ﾠwas	 ﾠ
used	 ﾠto	 ﾠtest	 ﾠthe	 ﾠhypothesis	 ﾠthat	 ﾠipsilateral	 ﾠdrive	 ﾠto	 ﾠproximal	 ﾠmuscles	 ﾠfrom	 ﾠthe	 ﾠnon-ﾭ‐stroke	 ﾠ
hemisphere	 ﾠis	 ﾠimportant	 ﾠin	 ﾠdetermining	 ﾠrecovery	 ﾠof	 ﾠarm	 ﾠand	 ﾠshoulder	 ﾠmovement.	 ﾠMEPs	 ﾠcould	 ﾠbe	 ﾠ
elicited	 ﾠin	 ﾠat	 ﾠleast	 ﾠ25%	 ﾠof	 ﾠmuscles	 ﾠfrom	 ﾠboth	 ﾠhemispheres	 ﾠbut	 ﾠcontrary	 ﾠto	 ﾠexpectation,	 ﾠarm	 ﾠfunction	 ﾠ
was	 ﾠonly	 ﾠcorrelated	 ﾠto	 ﾠthe	 ﾠdrive	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠhemisphere,	 ﾠeven	 ﾠin	 ﾠpatients	 ﾠwith	 ﾠthe	 ﾠgreatest	 ﾠ
impairment.	 ﾠMuscle	 ﾠactivation	 ﾠpatterns	 ﾠwere	 ﾠnot	 ﾠsignificantly	 ﾠdifferent	 ﾠbetween	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠ
unaffected	 ﾠlimb	 ﾠand	 ﾠtraining	 ﾠdid	 ﾠnot	 ﾠalter	 ﾠthese.	 ﾠ
	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠTraining	 ﾠat	 ﾠa	 ﾠfast	 ﾠspeed	 ﾠis	 ﾠnot	 ﾠdetrimental	 ﾠin	 ﾠpatients	 ﾠafter	 ﾠstroke	 ﾠand	 ﾠshould	 ﾠbe	 ﾠ





The	 ﾠperiod	 ﾠof	 ﾠmy	 ﾠPhD	 ﾠresearch	 ﾠhas	 ﾠbeen	 ﾠa	 ﾠperiod	 ﾠof	 ﾠintensive	 ﾠlearning	 ﾠthat	 ﾠI	 ﾠthoroughly	 ﾠ
enjoyed.	 ﾠFor	 ﾠthis	 ﾠI	 ﾠwould	 ﾠlike	 ﾠto	 ﾠthank	 ﾠmy	 ﾠsupervisors	 ﾠProfessor	 ﾠJohn	 ﾠRothwell	 ﾠand	 ﾠDr	 ﾠRichard	 ﾠ
Greenwood	 ﾠfor	 ﾠtheir	 ﾠon-ﾭ‐going	 ﾠguidance,	 ﾠmentorship,	 ﾠteaching	 ﾠand	 ﾠhumour.	 ﾠ	 ﾠ
I	 ﾠwould	 ﾠlike	 ﾠto	 ﾠmake	 ﾠa	 ﾠspecial	 ﾠmention	 ﾠof	 ﾠDr	 ﾠNada	 ﾠYousif	 ﾠfor	 ﾠher	 ﾠinvaluable	 ﾠhelp	 ﾠwith	 ﾠ
computer	 ﾠprogramming	 ﾠand	 ﾠassistance	 ﾠin	 ﾠdata	 ﾠanalysis	 ﾠwith	 ﾠMatlab.	 ﾠ	 ﾠ
It	 ﾠhas	 ﾠbeen	 ﾠa	 ﾠgreat	 ﾠpleasure	 ﾠto	 ﾠcollaborate	 ﾠwith	 ﾠDr	 ﾠJoern	 ﾠDiedrichsen	 ﾠand	 ﾠhis	 ﾠvaluable	 ﾠadvice	 ﾠ
in	 ﾠresearch	 ﾠdesign	 ﾠand	 ﾠdata	 ﾠanalysis	 ﾠtechniques	 ﾠhas	 ﾠbeen	 ﾠgreatly	 ﾠappreciated.	 ﾠ	 ﾠ
I	 ﾠwould	 ﾠalso	 ﾠlike	 ﾠto	 ﾠthank	 ﾠall	 ﾠthe	 ﾠcolleagues	 ﾠthat	 ﾠI	 ﾠhad	 ﾠthe	 ﾠpleasure	 ﾠto	 ﾠwork	 ﾠwith	 ﾠin	 ﾠthe	 ﾠSobell	 ﾠ
Department,	 ﾠInstitute	 ﾠof	 ﾠNeurology,	 ﾠUCL.	 ﾠMostly	 ﾠhowever,	 ﾠI	 ﾠwould	 ﾠlike	 ﾠto	 ﾠthank	 ﾠDr	 ﾠDamon	 ﾠHoad	 ﾠfor	 ﾠ
his	 ﾠassistance	 ﾠin	 ﾠall	 ﾠpatient	 ﾠassessments.	 ﾠ	 ﾠ
I	 ﾠwould	 ﾠlike	 ﾠto	 ﾠacknowledge	 ﾠmy	 ﾠexaminers	 ﾠDr.	 ﾠCathy	 ﾠStinear	 ﾠand	 ﾠProf	 ﾠJonathan	 ﾠMarsden.	 ﾠ	 ﾠ
Table	 ﾠof	 ﾠContents ﾠ
ACKNOWLEDGEMENTS	 ﾠ..................................................................................................................................	 ﾠ4	 ﾠ
TABLE	 ﾠOF	 ﾠCONTENTS	 ﾠ......................................................................................................................................	 ﾠ4	 ﾠ
FIGURES	 ﾠAND	 ﾠTABLES	 ﾠ.....................................................................................................................................	 ﾠ7	 ﾠ
ABBREVIATIONS	 ﾠ...........................................................................................................................................	 ﾠ10	 ﾠ
PUBLICATIONS	 ﾠIN	 ﾠRELATION	 ﾠTO	 ﾠTHIS	 ﾠTHESIS	 ﾠ................................................................................................	 ﾠ11	 ﾠ
1.	 ﾠ INTRODUCTION	 ﾠ............................................................................................................................................	 ﾠ12	 ﾠ
1.1.	 ﾠ INTRODUCTION	 ﾠ.........................................................................................................................................	 ﾠ13	 ﾠ
1.2.	 ﾠ RESEARCH	 ﾠAIMS:	 ﾠ.......................................................................................................................................	 ﾠ14	 ﾠ
1.3.	 ﾠ RESEARCH	 ﾠQUESTION	 ﾠ.................................................................................................................................	 ﾠ14	 ﾠ
1.4.	 ﾠ ORGANISATION	 ﾠOF	 ﾠTHESIS	 ﾠ...........................................................................................................................	 ﾠ15	 ﾠ
2.	 ﾠ BACKGROUND	 ﾠ..............................................................................................................................................	 ﾠ17	 ﾠ
2.1.	 ﾠ STROKE	 ﾠ ....................................................................................................................................................	 ﾠ18	 ﾠ
2.2.	 ﾠ PROXIMAL	 ﾠUPPER	 ﾠLIMB	 ﾠSYMPTOMS	 ﾠ...............................................................................................................	 ﾠ19	 ﾠ
2.2.1.	 ﾠ MUSCLE	 ﾠWEAKNESS	 ﾠAND	 ﾠDEXTERITY	 ﾠ...........................................................................................................	 ﾠ20	 ﾠ
2.2.2.	 ﾠ SPASTICITY/ABNORMAL	 ﾠMUSCLE	 ﾠTONE	 ﾠ ........................................................................................................	 ﾠ21	 ﾠ
2.2.4.	 ﾠ ALTERED	 ﾠMOTOR	 ﾠCONTROL	 ﾠ.......................................................................................................................	 ﾠ23	 ﾠ
2.3.	 ﾠ NEUROPLASTICITY	 ﾠ......................................................................................................................................	 ﾠ25	 ﾠ
2.4.	 ﾠ PROMOTING	 ﾠRECOVERY	 ﾠ ...............................................................................................................................	 ﾠ26	 ﾠ
2.4.1.	 ﾠ TIMING	 ﾠOF	 ﾠTRIALS	 ﾠAND	 ﾠINTERVENTIONS	 ﾠ.......................................................................................................	 ﾠ28	 ﾠ
2.4.2.	 ﾠ IMPAIRMENT	 ﾠBASED	 ﾠTHERAPY	 ﾠ....................................................................................................................	 ﾠ29	 ﾠ
2.4.3.	 ﾠ MOTOR	 ﾠLEARNING	 ﾠ..................................................................................................................................	 ﾠ30	 ﾠ
2.5.	 ﾠ GENERALISATION	 ﾠTO	 ﾠOTHER	 ﾠTASK	 ﾠDEMANDS	 ﾠ ....................................................................................................	 ﾠ33	 ﾠ
2.6.	 ﾠ PREDICTORS	 ﾠOF	 ﾠRECOVERY	 ﾠ...........................................................................................................................	 ﾠ35	 ﾠ
2.7.	 ﾠ ASSESSING	 ﾠCORTICAL	 ﾠCONNECTIVITY	 ﾠ..............................................................................................................	 ﾠ37	 ﾠ
2.8.	 ﾠ MOVEMENT	 ﾠSPEED	 ﾠ....................................................................................................................................	 ﾠ38	 ﾠ
2.9.	 ﾠ OUTSTANDING	 ﾠQUESTIONS	 ﾠ..........................................................................................................................	 ﾠ40	 ﾠ
3.	 ﾠ GENERAL	 ﾠMETHODS	 ﾠ......................................................................................................................................	 ﾠ42	 ﾠ
3.1.	 ﾠ SUBJECTS	 ﾠ.................................................................................................................................................	 ﾠ43	 ﾠ




3.1.2.	 ﾠ STROKE	 ﾠPATIENTS	 ﾠ...................................................................................................................................	 ﾠ43	 ﾠ
3.2.	 ﾠ CLINICAL	 ﾠEXAMINATION	 ﾠOF	 ﾠSTROKE	 ﾠPATIENTS	 ﾠ..................................................................................................	 ﾠ44	 ﾠ
3.3.	 ﾠ WORKSPACE	 ﾠ.............................................................................................................................................	 ﾠ44	 ﾠ
3.4.	 ﾠ REACHING	 ﾠPARADIGM	 ﾠIN	 ﾠROBOTIC	 ﾠMANIPULANDUM	 ﾠ.........................................................................................	 ﾠ45	 ﾠ
3.5.	 ﾠ REACHING	 ﾠPERFORMANCE	 ﾠ...........................................................................................................................	 ﾠ48	 ﾠ
3.6.	 ﾠ REACHING	 ﾠTRAINING	 ﾠ..................................................................................................................................	 ﾠ51	 ﾠ
3.7.	 ﾠ KINEMATIC	 ﾠANALYSIS	 ﾠ..................................................................................................................................	 ﾠ52	 ﾠ
3.7.1.	 ﾠ ENDPOINT	 ﾠACCURACY	 ﾠ..............................................................................................................................	 ﾠ52	 ﾠ
3.7.3.	 ﾠ MAXIMUM	 ﾠMOVEMENT	 ﾠSPEED	 ﾠAND	 ﾠVARIANCE	 ﾠ..............................................................................................	 ﾠ55	 ﾠ
3.7.4.	 ﾠ SYMMETRY	 ﾠOF	 ﾠVELOCITY	 ﾠPROFILES	 ﾠ..............................................................................................................	 ﾠ55	 ﾠ
3.7.5.	 ﾠ MOVEMENT	 ﾠTRAJECTORIES	 ﾠ.......................................................................................................................	 ﾠ55	 ﾠ
3.8.	 ﾠ EMG	 ﾠ......................................................................................................................................................	 ﾠ56	 ﾠ
3.9.	 ﾠ TMS	 ﾠ.......................................................................................................................................................	 ﾠ56	 ﾠ
3.10.	 ﾠ DATA	 ﾠANALYSIS	 ﾠ.......................................................................................................................................	 ﾠ56	 ﾠ
4.	 ﾠ MOVEMENT	 ﾠSPEED	 ﾠIS	 ﾠBIASED	 ﾠBY	 ﾠPRIOR	 ﾠEXPERIENCE	 ﾠ.............................................................................................	 ﾠ58	 ﾠ
4.1.	 ﾠ INTRODUCTION	 ﾠ.........................................................................................................................................	 ﾠ59	 ﾠ
4.2.	 ﾠ METHODS	 ﾠ................................................................................................................................................	 ﾠ61	 ﾠ
4.3.	 ﾠ RESULTS	 ﾠ..................................................................................................................................................	 ﾠ62	 ﾠ
4.3.1.	 ﾠ SPEED	 ﾠCHOICE	 ﾠDURING	 ﾠPRE-ﾭ‐TEST	 ﾠ................................................................................................................	 ﾠ62	 ﾠ
4.3.2.	 ﾠ MOVEMENT	 ﾠCHANGES	 ﾠDURING	 ﾠTRAINING	 ﾠ....................................................................................................	 ﾠ63	 ﾠ
4.3.3.	 ﾠ INFLUENCE	 ﾠOF	 ﾠTRAINING	 ﾠON	 ﾠMOVEMENT	 ﾠSPEED	 ﾠ............................................................................................	 ﾠ64	 ﾠ
4.3.4.	 ﾠ ENDPOINT	 ﾠACCURACY	 ﾠ..............................................................................................................................	 ﾠ67	 ﾠ
4.3.5.	 ﾠ GENERALISATION	 ﾠTO	 ﾠANOTHER	 ﾠMOVEMENT	 ﾠDIRECTION	 ﾠ..................................................................................	 ﾠ69	 ﾠ
4.4.	 ﾠ DISCUSSION	 ﾠ..............................................................................................................................................	 ﾠ71	 ﾠ
5.	 ﾠ LEARNING	 ﾠAT	 ﾠSLOW	 ﾠAND	 ﾠAT	 ﾠFAST	 ﾠMOVEMENT	 ﾠSPEED	 ﾠIN	 ﾠSTROKE	 ﾠ.............................................................................	 ﾠ76	 ﾠ
5.1.	 ﾠ INTRODUCTION	 ﾠ.........................................................................................................................................	 ﾠ77	 ﾠ
5.2.	 ﾠ METHODS/STUDY	 ﾠDESIGN	 ﾠ ...........................................................................................................................	 ﾠ78	 ﾠ
5.2.1.	 ﾠ PARTICIPANTS	 ﾠ........................................................................................................................................	 ﾠ78	 ﾠ
5.2.2.	 ﾠ MATERIAL	 ﾠ.............................................................................................................................................	 ﾠ78	 ﾠ
5.3.	 ﾠ RESULTS	 ﾠ..................................................................................................................................................	 ﾠ79	 ﾠ
5.3.1.	 ﾠ CONTROL	 ﾠEXPERIMENT	 ﾠAND	 ﾠCOMPARISON	 ﾠWITH	 ﾠPREVIOUS	 ﾠEXPERIEMNT	 ﾠ............................................................	 ﾠ79	 ﾠ
5.3.2.	 ﾠ PARTICIPANTS	 ﾠ........................................................................................................................................	 ﾠ81	 ﾠ
5.3.3.	 ﾠ PERFORMANCE	 ﾠCHANGES	 ﾠDURING	 ﾠTRAINING	 ﾠ .................................................................................................	 ﾠ82	 ﾠ
5.3.4.	 ﾠ PERFORMANCE	 ﾠCHANGES	 ﾠAFTER	 ﾠTRAINING	 ﾠ...................................................................................................	 ﾠ85	 ﾠ
5.3.4.1.	 ﾠ ABSOLUTE	 ﾠERROR	 ﾠ................................................................................................................................	 ﾠ85	 ﾠ
5.3.4.2.	 ﾠ VARIABLE	 ﾠERROR	 ﾠ.................................................................................................................................	 ﾠ86	 ﾠ
5.3.4.3.	 ﾠ SIGNED	 ﾠERROR	 ﾠ....................................................................................................................................	 ﾠ87	 ﾠ
5.3.4.4.	 ﾠ PARALLEL	 ﾠERROR	 ﾠ.................................................................................................................................	 ﾠ88	 ﾠ
5.3.4.5.	 ﾠ PERPENDICULAR	 ﾠERROR	 ﾠ .........................................................................................................................	 ﾠ89	 ﾠ
5.3.4.6.	 ﾠ MOVEMENT	 ﾠSPEED	 ﾠVARIABILITY	 ﾠ..............................................................................................................	 ﾠ90	 ﾠ
5.3.5.	 ﾠ INFLUENCE	 ﾠOF	 ﾠTRAINING	 ﾠON	 ﾠMOVEMENT	 ﾠKINEMATICS	 ﾠ....................................................................................	 ﾠ91	 ﾠ
5.3.6.	 ﾠ TRAINING	 ﾠINDUCED	 ﾠCHANGES	 ﾠIN	 ﾠIMPAIRMENT	 ﾠ..............................................................................................	 ﾠ92	 ﾠ
5.3.6.1.	 ﾠ WORKSPACE	 ﾠ.......................................................................................................................................	 ﾠ92	 ﾠ
5.3.6.2.	 ﾠ SPASTICITY	 ﾠ.........................................................................................................................................	 ﾠ94	 ﾠ
5.3.7.	 ﾠ INFLUENCE	 ﾠOF	 ﾠIMPAIRMENT	 ﾠON	 ﾠPERFORMANCE	 ﾠAND	 ﾠLEARNING	 ﾠ........................................................................	 ﾠ95	 ﾠ
5.3.7.1.	 ﾠ INFLUENCE	 ﾠOF	 ﾠIMPAIRMENTS	 ﾠON	 ﾠBASELINE	 ﾠPERFORMANCE	 ﾠ...........................................................................	 ﾠ95	 ﾠ
5.3.7.2.	 ﾠ INFLUENCE	 ﾠOF	 ﾠIMPAIRMENT	 ﾠON	 ﾠLEARNING	 ﾠ................................................................................................	 ﾠ96	 ﾠ
5.4.	 ﾠ DISCUSSION	 ﾠ..............................................................................................................................................	 ﾠ98	 ﾠ
5.4.1.	 ﾠ IMPROVED	 ﾠENDPOINT	 ﾠACCURACY	 ﾠAFTER	 ﾠTRAINING	 ﾠ.........................................................................................	 ﾠ98	 ﾠ
5.4.2.	 ﾠ GENERALIZATION	 ﾠTO	 ﾠOTHER	 ﾠCONTEXT	 ﾠAND	 ﾠOTHER	 ﾠSPEEDS	 ﾠ ...............................................................................	 ﾠ99	 ﾠ
5.4.3.	 ﾠ POTENTIAL	 ﾠLEARNING	 ﾠMECHANISMS	 ﾠAT	 ﾠDIFFERENT	 ﾠSPEEDS.	 ﾠ...........................................................................	 ﾠ101	 ﾠ
5.4.4.	 ﾠ THE	 ﾠEFFECT	 ﾠOF	 ﾠFAST	 ﾠMOVEMENT	 ﾠON	 ﾠSPASTICITY	 ﾠ..........................................................................................	 ﾠ102	 ﾠ




5.5.	 ﾠ CONCLUSION	 ﾠ..........................................................................................................................................	 ﾠ104	 ﾠ
6.	 ﾠ CORTICAL	 ﾠCONNECTIVITY	 ﾠAND	 ﾠLEARNING	 ﾠAFTER	 ﾠSTROKE	 ﾠ......................................................................................	 ﾠ106	 ﾠ
6.1.	 ﾠ INTRODUCTION	 ﾠ.......................................................................................................................................	 ﾠ107	 ﾠ
6.2.	 ﾠ METHODS	 ﾠ..............................................................................................................................................	 ﾠ109	 ﾠ
6.2.1.	 ﾠ PARTICIPANTS	 ﾠ......................................................................................................................................	 ﾠ109	 ﾠ
6.2.2.	 ﾠ TMS	 ﾠPROTOCOL	 ﾠ...................................................................................................................................	 ﾠ109	 ﾠ
6.2.3.	 ﾠ TMS	 ﾠANALYSIS	 ﾠ.....................................................................................................................................	 ﾠ112	 ﾠ
6.3.	 ﾠ RESULTS	 ﾠ................................................................................................................................................	 ﾠ116	 ﾠ
6.3.1.	 ﾠ PARTICIPANTS	 ﾠ......................................................................................................................................	 ﾠ116	 ﾠ
6.3.2.	 ﾠ CONNECTIVITY	 ﾠ.....................................................................................................................................	 ﾠ117	 ﾠ
6.3.2.1.	 ﾠ RESPONSE	 ﾠFREQUENCY	 ﾠ........................................................................................................................	 ﾠ117	 ﾠ
6.3.2.2.	 ﾠ AMPLITUDE	 ﾠ......................................................................................................................................	 ﾠ118	 ﾠ
6.3.2.3.	 ﾠ LATENCY	 ﾠ..........................................................................................................................................	 ﾠ119	 ﾠ
6.3.3.	 ﾠ CORRELATION	 ﾠTO	 ﾠIMPAIRMENT	 ﾠ...............................................................................................................	 ﾠ120	 ﾠ
6.3.3.1.	 ﾠ RESPONSES	 ﾠ .......................................................................................................................................	 ﾠ120	 ﾠ
6.3.3.2.	 ﾠ LATENCY	 ﾠVARIABILITY	 ﾠ..........................................................................................................................	 ﾠ122	 ﾠ
6.3.4.	 ﾠ CHANGES	 ﾠINDUCED	 ﾠBY	 ﾠTRAINING	 ﾠ..............................................................................................................	 ﾠ123	 ﾠ
6.4.	 ﾠ DISCUSSION	 ﾠ............................................................................................................................................	 ﾠ125	 ﾠ
6.4.1.	 ﾠ THE	 ﾠPATHWAYS	 ﾠAND	 ﾠTHEIR	 ﾠINVOLVEMENT	 ﾠIN	 ﾠFUNCTION	 ﾠ...............................................................................	 ﾠ125	 ﾠ
6.4.2.	 ﾠ CHANGE	 ﾠDUE	 ﾠTO	 ﾠTRAINING	 ﾠAT	 ﾠTWO	 ﾠPARAMETERS	 ﾠ........................................................................................	 ﾠ128	 ﾠ
7.	 ﾠ EMG	 ﾠACTIVATION	 ﾠPATTERNS	 ﾠDURING	 ﾠREACHING	 ﾠIN	 ﾠSTROKE	 ﾠ .................................................................................	 ﾠ130	 ﾠ
7.1.	 ﾠ INTRODUCTION	 ﾠ.......................................................................................................................................	 ﾠ131	 ﾠ
7.2.	 ﾠ MATERIALS	 ﾠAND	 ﾠMETHODS	 ﾠ.......................................................................................................................	 ﾠ133	 ﾠ
7.2.1.	 ﾠ PATIENT	 ﾠSAMPLE	 ﾠ..................................................................................................................................	 ﾠ133	 ﾠ
7.2.2.	 ﾠ EMG	 ﾠRECORDING	 ﾠ.................................................................................................................................	 ﾠ133	 ﾠ
7.2.3.	 ﾠ EMG	 ﾠANALYSIS	 ﾠFOR	 ﾠMUSCLE	 ﾠACTIVATION	 ﾠPATTERNS	 ﾠ....................................................................................	 ﾠ134	 ﾠ
7.3.	 ﾠ RESULTS	 ﾠ................................................................................................................................................	 ﾠ138	 ﾠ
7.3.1.	 ﾠ EMG	 ﾠACTIVITY	 ﾠ.....................................................................................................................................	 ﾠ138	 ﾠ
7.3.2.	 ﾠ MOVEMENT	 ﾠONSET	 ﾠ...............................................................................................................................	 ﾠ139	 ﾠ
7.3.3.	 ﾠ RATIO	 ﾠOF	 ﾠAGONIST	 ﾠTO	 ﾠANTAGONIST	 ﾠACTIVITY	 ﾠ............................................................................................	 ﾠ141	 ﾠ
7.3.4.	 ﾠ EMG	 ﾠCHANGES	 ﾠDUE	 ﾠTO	 ﾠTRAINING	 ﾠ............................................................................................................	 ﾠ143	 ﾠ
7.3.5.	 ﾠ ANTAGONIST	 ﾠACTIVATION	 ﾠ.......................................................................................................................	 ﾠ144	 ﾠ
7.4.	 ﾠ DISCUSSION	 ﾠ............................................................................................................................................	 ﾠ146	 ﾠ
7.4.1.	 ﾠ MUSCLE	 ﾠACTIVATION	 ﾠLEVELS,	 ﾠPATTERNS	 ﾠAND	 ﾠAGONIST-ﾭ‐ANTAGONIST	 ﾠRATIOS	 ﾠ....................................................	 ﾠ146	 ﾠ
7.4.2.	 ﾠ EMG	 ﾠAS	 ﾠA	 ﾠMARKER	 ﾠOF	 ﾠIMPAIRMENT	 ﾠ........................................................................................................	 ﾠ148	 ﾠ
7.4.3.	 ﾠ EFFECT	 ﾠOF	 ﾠTRAINING	 ﾠON	 ﾠEMG	 ﾠACTIVITY	 ﾠ....................................................................................................	 ﾠ149	 ﾠ
8.	 ﾠ CONCLUSION	 ﾠ.............................................................................................................................................	 ﾠ152	 ﾠ
8.1.	 ﾠ SUMMARY	 ﾠ..............................................................................................................................................	 ﾠ153	 ﾠ
8.2.	 ﾠ FUTURE	 ﾠRESEARCH	 ﾠ...................................................................................................................................	 ﾠ155	 ﾠ
8.2.1.	 ﾠ OPTIMAL	 ﾠTRAINING	 ﾠREGIME	 ﾠ....................................................................................................................	 ﾠ155	 ﾠ
8.2.2.	 ﾠ MECHANICAL	 ﾠDIFFERENCE	 ﾠIMPOSED	 ﾠBY	 ﾠMOVEMENT	 ﾠSPEED	 ﾠ............................................................................	 ﾠ155	 ﾠ
8.2.3.	 ﾠ INVESTIGATING	 ﾠTHE	 ﾠINFLUENCE	 ﾠOF	 ﾠFAST	 ﾠAND	 ﾠSLOW	 ﾠMOVEMENTS	 ﾠON	 ﾠHYPERTONUS	 ﾠAND	 ﾠSPASTICITY	 ﾠ......................	 ﾠ156	 ﾠ
8.2.4.	 ﾠ EFFECTIVENESS	 ﾠOF	 ﾠTRAINING	 ﾠREGIME	 ﾠIN	 ﾠACUTE	 ﾠSTAGE	 ﾠ..................................................................................	 ﾠ157	 ﾠ
8.2.5.	 ﾠ ENHANCING	 ﾠNEUROPLASTICITY	 ﾠDURING	 ﾠTRAINING	 ﾠREGIMES	 ﾠ...........................................................................	 ﾠ157	 ﾠ
8.3.	 ﾠ CLOSING	 ﾠSTATEMENT	 ﾠ................................................................................................................................	 ﾠ158	 ﾠ




Figures	 ﾠand	 ﾠTables	 ﾠ	 ﾠ
Figure	 ﾠ2.1.	 ﾠSpeed-ﾭ‐accuracy	 ﾠrelationship.	 ﾠA)	 ﾠDemonstrating	 ﾠtraining	 ﾠat	 ﾠeither	 ﾠslow	 ﾠor	 ﾠfast	 ﾠmovement	 ﾠspeeds.	 ﾠB)	 ﾠ
Indicating	 ﾠlocal,	 ﾠspeed-ﾭ‐specific	 ﾠimprovements	 ﾠand	 ﾠi)	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠii)	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠ
speed.	 ﾠC)	 ﾠShowing	 ﾠgeneralised	 ﾠimprovements	 ﾠat	 ﾠslow	 ﾠand	 ﾠfast	 ﾠspeed	 ﾠas	 ﾠwell	 ﾠas	 ﾠall	 ﾠother	 ﾠSAT	 ﾠ
combinations……………………………………………………………………………………………………………………………………	 ﾠ40	 ﾠ
Figure	 ﾠ3.1.	 ﾠManipulandum	 ﾠand	 ﾠexperimental	 ﾠset-ﾭ‐up……………………………………………………………………………………..	 ﾠ46	 ﾠ
Figure	 ﾠ3.2	 ﾠA)	 ﾠExperimental	 ﾠdisplay	 ﾠduring	 ﾠpre-ﾭ‐	 ﾠand	 ﾠpost-ﾭ‐testing	 ﾠwith	 ﾠtarget	 ﾠcentred	 ﾠ20cm	 ﾠat	 ﾠ0	 ﾠdegrees.	 ﾠB)	 ﾠ
Bull’s-ﾭ‐eye	 ﾠscoring	 ﾠsystem	 ﾠduring	 ﾠtraining	 ﾠblocks………………………………………………………………………………	 ﾠ46	 ﾠ
Figure	 ﾠ3.3	 ﾠTrials	 ﾠto	 ﾠcriterion.	 ﾠGroup	 ﾠaverages	 ﾠ(red-ﾭ‐fast,	 ﾠblue-ﾭ‐slow	 ﾠmovement	 ﾠspeed	 ﾠtraining	 ﾠgroup)	 ﾠof	 ﾠnumber	 ﾠ
of	 ﾠtrials	 ﾠrequired	 ﾠto	 ﾠreach	 ﾠ20	 ﾠrepetitions	 ﾠat	 ﾠthe	 ﾠpre-ﾭ‐determined	 ﾠmovement	 ﾠspeed.	 ﾠMeasurements	 ﾠ
were	 ﾠtaken	 ﾠat	 ﾠslow	 ﾠ(1),	 ﾠmedium	 ﾠslow	 ﾠ(2),	 ﾠmedium	 ﾠfast	 ﾠ(3)	 ﾠand	 ﾠfast	 ﾠ(4)	 ﾠtarget	 ﾠspeed	 ﾠbefore(unfilled)	 ﾠ
and	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠability	 ﾠto	 ﾠperform	 ﾠaccurate	 ﾠreaches	 ﾠat	 ﾠthese	 ﾠdifferent	 ﾠ
movement	 ﾠspeeds.	 ﾠ	 ﾠ………………………………………………………………………………………………………………………..	 ﾠ	 ﾠ50	 ﾠ
Figure	 ﾠ3.4.	 ﾠDetermining	 ﾠendpoint	 ﾠerror.	 ﾠMeasures	 ﾠ(red	 ﾠline)	 ﾠfor	 ﾠdetermining	 ﾠendpoint	 ﾠaccuracy	 ﾠof	 ﾠcursor	 ﾠ
(green	 ﾠdot)	 ﾠfrom	 ﾠthe	 ﾠcentre	 ﾠof	 ﾠthe	 ﾠtarget	 ﾠ(x).	 ﾠA)	 ﾠRoot	 ﾠmean	 ﾠsquare	 ﾠerror.	 ﾠB)	 ﾠEndpoint	 ﾠparallel	 ﾠerror.	 ﾠ	 ﾠ
C)	 ﾠEndpoint	 ﾠperpendicular	 ﾠerror.	 ﾠ…………….……………………………………………………………………………………..	 ﾠ	 ﾠ53	 ﾠ
Figure	 ﾠ3.5.	 ﾠDemonstration	 ﾠof	 ﾠmeasures	 ﾠof	 ﾠendpoint	 ﾠaccuracy	 ﾠfor	 ﾠtwo	 ﾠindividuals	 ﾠendpoint	 ﾠscatter	 ﾠin	 ﾠthe	 ﾠtarget.	 ﾠ
A)	 ﾠDepiction	 ﾠof	 ﾠexample	 ﾠdata	 ﾠfor	 ﾠendpoint	 ﾠerror	 ﾠwith	 ﾠdistribution	 ﾠof	 ﾠscatter	 ﾠaround	 ﾠcentre	 ﾠof	 ﾠtarget.	 ﾠ
B-ﾭ‐D)	 ﾠDepiction	 ﾠof	 ﾠexample	 ﾠdata	 ﾠwith	 ﾠunequal	 ﾠendpoint	 ﾠscatter	 ﾠand	 ﾠresultant	 ﾠchanges	 ﾠin	 ﾠendpoint	 ﾠ
analysis	 ﾠwhen	 ﾠdepicting	 ﾠB)	 ﾠAbsolute	 ﾠerror	 ﾠmeasured	 ﾠas	 ﾠthe	 ﾠaverage	 ﾠEuclidean	 ﾠdistance	 ﾠfrom	 ﾠtarget	 ﾠ
centre	 ﾠto	 ﾠeach	 ﾠendpoint	 ﾠposition;	 ﾠC)	 ﾠConstant	 ﾠerror	 ﾠ(bias),	 ﾠsigned	 ﾠaverage	 ﾠendpoint	 ﾠerror	 ﾠas	 ﾠa	 ﾠsigned	 ﾠ
value;	 ﾠD)	 ﾠVariable	 ﾠerror,	 ﾠaverage	 ﾠx	 ﾠand	 ﾠy	 ﾠspread	 ﾠof	 ﾠthe	 ﾠendpoints	 ﾠaround	 ﾠthe	 ﾠConstant	 ﾠerror………	 ﾠ	 ﾠ	 ﾠ54	 ﾠ
Figure	 ﾠ4.1.	 ﾠ	 ﾠIndividual	 ﾠpreferred	 ﾠmovement	 ﾠspeed	 ﾠat	 ﾠthe	 ﾠ4	 ﾠset	 ﾠmovement	 ﾠtime	 ﾠbefore	 ﾠtraining…………………	 ﾠ	 ﾠ	 ﾠ62	 ﾠ
Figure	 ﾠ4.2.	 ﾠReaching	 ﾠperformance	 ﾠduring	 ﾠtraining	 ﾠdays	 ﾠ(Day	 ﾠ2-ﾭ‐4).	 ﾠA)	 ﾠDiagram	 ﾠof	 ﾠexperiment	 ﾠwith	 ﾠtarget	 ﾠplaced	 ﾠ
25cm	 ﾠdirectly	 ﾠin	 ﾠfront	 ﾠof	 ﾠparticipants,	 ﾠand	 ﾠbulls-ﾭ‐eye	 ﾠscoring	 ﾠsystem.	 ﾠB-ﾭ‐D)	 ﾠshow	 ﾠhow	 ﾠperformance	 ﾠin	 ﾠ
the	 ﾠtraining	 ﾠblocks	 ﾠ(9	 ﾠper	 ﾠday)	 ﾠchanges	 ﾠover	 ﾠthe	 ﾠthree	 ﾠdays	 ﾠin	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠ
group.	 ﾠB)	 ﾠVariability	 ﾠ(SD)	 ﾠof	 ﾠpeak	 ﾠmovement	 ﾠspeed;	 ﾠC)	 ﾠroot	 ﾠmean	 ﾠsquare	 ﾠendpoint	 ﾠerror;	 ﾠand	 ﾠD)	 ﾠmean	 ﾠ
peak	 ﾠmovement	 ﾠspeed…………………………………………………………………………………………………………………..	 ﾠ	 ﾠ64	 ﾠ
Figure	 ﾠ4.3.	 ﾠ	 ﾠComparison	 ﾠof	 ﾠchanges	 ﾠin	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠA-ﾭ‐C)	 ﾠdue	 ﾠto	 ﾠtraining.	 ﾠA)	 ﾠdata	 ﾠfrom	 ﾠthe	 ﾠfast	 ﾠ
training	 ﾠgroup	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠmovement	 ﾠtimes	 ﾠof	 ﾠ900,	 ﾠ700,	 ﾠ500	 ﾠand	 ﾠ
300ms.	 ﾠB)	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠmeasures.	 ﾠPlot	 ﾠC)	 ﾠplots	 ﾠpre-ﾭ‐post	 ﾠchange	 ﾠscores	 ﾠof	 ﾠmaximum	 ﾠ
speed.………………………………..	 ﾠ……………………………………………………………………………………………………………65	 ﾠ
Figure	 ﾠ4.4.	 ﾠ	 ﾠChanges	 ﾠto	 ﾠvelocity	 ﾠprofiles	 ﾠinduced	 ﾠby	 ﾠtraining.	 ﾠGroup	 ﾠaverage	 ﾠ(+/-ﾭ‐	 ﾠSD	 ﾠof	 ﾠindividuals)	 ﾠof:	 ﾠA-ﾭ‐D)	 ﾠfast	 ﾠ
and	 ﾠE-ﾭ‐H)	 ﾠslow	 ﾠgroup	 ﾠat	 ﾠ300ms:	 ﾠA+E,	 ﾠ500ms:	 ﾠB+F,	 ﾠ700ms:	 ﾠC+G	 ﾠand	 ﾠ900ms:	 ﾠD+H……………………………...66	 ﾠ
Figure	 ﾠ4.5.	 ﾠ	 ﾠComparison	 ﾠof	 ﾠchanges	 ﾠin	 ﾠmaximum	 ﾠspeed	 ﾠvariability	 ﾠdue	 ﾠto	 ﾠtraining.	 ﾠA)	 ﾠdata	 ﾠfrom	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠ
group	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠmovement	 ﾠtimes	 ﾠof	 ﾠ900,	 ﾠ700,	 ﾠ500	 ﾠand	 ﾠ300ms.	 ﾠB)	 ﾠ
slow	 ﾠtraining	 ﾠgroup	 ﾠmeasures.	 ﾠPlot	 ﾠC)	 ﾠplots	 ﾠpre-ﾭ‐post	 ﾠchange	 ﾠscores	 ﾠof	 ﾠmaximum	 ﾠspeed	 ﾠ
variability…………………………………………………………………………………………………………………………………………67	 ﾠ
Figure	 ﾠ4.6.	 ﾠCorrelation	 ﾠof	 ﾠmaximal	 ﾠmovement	 ﾠspeed	 ﾠfor	 ﾠeach	 ﾠreaching	 ﾠmovement	 ﾠand	 ﾠcorresponding	 ﾠunder-ﾭ‐	 ﾠor	 ﾠ
overshoot	 ﾠbefore	 ﾠ(blue)	 ﾠor	 ﾠafter	 ﾠ(red)	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed.	 ﾠAdditionally	 ﾠfrequency	 ﾠof	 ﾠ
maximum	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠparallel	 ﾠerror	 ﾠrange	 ﾠis	 ﾠdepicted	 ﾠand	 ﾠhow	 ﾠthis	 ﾠchanges	 ﾠwith	 ﾠ
training..................................................................................................................................................68	 ﾠ
Figure	 ﾠ4.7.	 ﾠReaching	 ﾠaccuracy	 ﾠchanges	 ﾠafter	 ﾠtraining.	 ﾠA1)	 ﾠExperimental	 ﾠdisplay	 ﾠduring	 ﾠpre-ﾭ‐and	 ﾠpost-ﾭ‐testing.	 ﾠA2-ﾭ‐
3)	 ﾠDetermining	 ﾠparallel	 ﾠand	 ﾠperpendicular	 ﾠError.	 ﾠB-ﾭ‐D)	 ﾠMeasures	 ﾠof	 ﾠparallel	 ﾠerror	 ﾠand	 ﾠE-ﾭ‐G)	 ﾠ
perpendicular	 ﾠerror	 ﾠat	 ﾠeach	 ﾠof	 ﾠthe	 ﾠ4	 ﾠmovement	 ﾠtimes	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining.	 ﾠB&C)	 ﾠ
parallel	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠand	 ﾠslow	 ﾠtraining	 ﾠgroups	 ﾠrespectively;	 ﾠE&F)	 ﾠperpendicular	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ
and	 ﾠslow	 ﾠtraining	 ﾠgroups.	 ﾠD&G)	 ﾠpre-ﾭ‐post	 ﾠdifference	 ﾠscores	 ﾠin	 ﾠparallel	 ﾠand	 ﾠperpendicular	 ﾠerror.	 ﾠ…..…68	 ﾠ
Figure	 ﾠ4.8.	 ﾠTransfer	 ﾠof	 ﾠperformance	 ﾠto	 ﾠa	 ﾠtarget	 ﾠrotated	 ﾠ45	 ﾠdegrees	 ﾠclockwise	 ﾠ(A).	 ﾠB)	 ﾠpre-ﾭ‐post	 ﾠchange	 ﾠin	 ﾠ
maximum	 ﾠmovement	 ﾠspeed	 ﾠin	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroups;	 ﾠC)	 ﾠendpoint	 ﾠerror;	 ﾠD)	 ﾠ
perpendicular	 ﾠerror;	 ﾠand	 ﾠE)	 ﾠparallel	 ﾠerror……………………………………………………………………………………….…70	 ﾠ
Figure	 ﾠ5.1.	 ﾠComparison	 ﾠof	 ﾠlearning	 ﾠobserved	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠin	 ﾠnew	 ﾠtraining	 ﾠprotocol	 ﾠand	 ﾠprotocol	 ﾠ
explained	 ﾠin	 ﾠchapter	 ﾠ4	 ﾠ(grey	 ﾠbox).	 ﾠReduction	 ﾠin	 ﾠabsolute	 ﾠerror	 ﾠ(A-ﾭ‐E)	 ﾠand	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠ
variability	 ﾠ(F-ﾭ‐J)	 ﾠafter	 ﾠtraining.	 ﾠA)	 ﾠAverage	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠfast	 ﾠand	 ﾠB)	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠ(+/-ﾭ‐	 ﾠSE)	 ﾠat	 ﾠ
each	 ﾠof	 ﾠthe	 ﾠ4	 ﾠindividually	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠ(slow	 ﾠto	 ﾠfast).	 ﾠError	 ﾠis	 ﾠdepicted	 ﾠin	 ﾠcm	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠ
after	 ﾠ(filled)	 ﾠtraining	 ﾠdays.	 ﾠC)	 ﾠComparison	 ﾠof	 ﾠchange	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠ




protocol.	 ﾠAverage	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠfor	 ﾠfast	 ﾠ(F)	 ﾠand	 ﾠslow	 ﾠ(G)	 ﾠtraining	 ﾠgroup	 ﾠat	 ﾠ
each	 ﾠtarget	 ﾠspeed	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter(filled)training.	 ﾠH)	 ﾠComparison	 ﾠof	 ﾠchange	 ﾠin	 ﾠmovement	 ﾠ
speed	 ﾠvariability	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠChange	 ﾠin	 ﾠmovement	 ﾠspeed	 ﾠ
variability	 ﾠexpressed	 ﾠfor	 ﾠthe	 ﾠcurrent	 ﾠ(I)	 ﾠand	 ﾠprevious	 ﾠ(J)	 ﾠtraining	 ﾠprotocol	 ﾠ…………………………….............80	 ﾠ
Figure	 ﾠ5.2.	 ﾠReaching	 ﾠperformance	 ﾠduring	 ﾠtraining	 ﾠdays	 ﾠ(Day	 ﾠ1-ﾭ‐4).	 ﾠA)	 ﾠMean	 ﾠmovement	 ﾠspeed	 ﾠfor	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠ
slow	 ﾠ(blue)	 ﾠgroup	 ﾠper	 ﾠtraining	 ﾠblock	 ﾠ(7/day)	 ﾠfor	 ﾠthe	 ﾠ4	 ﾠtraining	 ﾠdays.	 ﾠB)	 ﾠMean	 ﾠendpoint	 ﾠerror	 ﾠ(RMS)	 ﾠfor	 ﾠ
fast	 ﾠgroup	 ﾠfor	 ﾠeach	 ﾠtraining	 ﾠblock	 ﾠduring	 ﾠtraining	 ﾠdays.	 ﾠC)	 ﾠMean	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠslow	 ﾠgroup	 ﾠfor	 ﾠ
training	 ﾠdays.	 ﾠD)	 ﾠMean	 ﾠpoints	 ﾠper	 ﾠtraining	 ﾠblock	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups.	 ﾠE:	 ﾠMean	 ﾠmaximum	 ﾠspeed	 ﾠ
variability	 ﾠ(SD)	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠgroups	 ﾠfor	 ﾠeach	 ﾠtraining	 ﾠblock	 ﾠon	 ﾠthe	 ﾠ4	 ﾠtraining	 ﾠdays….…………………………..83	 ﾠ
Figure	 ﾠ5.3.	 ﾠChanges	 ﾠin	 ﾠabsolute	 ﾠerror	 ﾠfrom	 ﾠpre	 ﾠto	 ﾠpost-ﾭ‐training	 ﾠtesting.	 ﾠA)	 ﾠAverage	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠfast	 ﾠand	 ﾠ
B)	 ﾠslow	 ﾠ(+/-ﾭ‐	 ﾠSE)	 ﾠat	 ﾠeach	 ﾠof	 ﾠthe	 ﾠ4	 ﾠindividually	 ﾠset	 ﾠtarget	 ﾠspeeds.	 ﾠTarget	 ﾠspeed	 ﾠ1=slow,	 ﾠ2=	 ﾠmedium	 ﾠslow,	 ﾠ
3=medium	 ﾠfast,	 ﾠ4=fast.	 ﾠError	 ﾠis	 ﾠdepicted	 ﾠin	 ﾠcm	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠdays.	 ﾠC)	 ﾠ
Comparison	 ﾠof	 ﾠchange	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup………………..86	 ﾠ
Figure	 ﾠ5.4.	 ﾠVariable	 ﾠendpoint	 ﾠerror.	 ﾠA)	 ﾠDemonstrating	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠerror	 ﾠaround	 ﾠthe	 ﾠmean	 ﾠabsolute	 ﾠerror	 ﾠ
for	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠtraining	 ﾠgroup	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠat	 ﾠthe	 ﾠ4	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠ(1,	 ﾠ
slow;	 ﾠ2,	 ﾠmedium	 ﾠslow;	 ﾠ3,	 ﾠmedium	 ﾠfast;	 ﾠ4,	 ﾠfast)	 ﾠand	 ﾠB)	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠC)	 ﾠCompares	 ﾠ
the	 ﾠpercentage	 ﾠof	 ﾠchange	 ﾠin	 ﾠvariable	 ﾠerror	 ﾠobserved	 ﾠat	 ﾠthe	 ﾠ4	 ﾠtarget	 ﾠspeeds	 ﾠbetween	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠ
slow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup………………………………………………………………………………………………………………….87	 ﾠ
Figure	 ﾠ5.5.	 ﾠDistribution	 ﾠof	 ﾠendpoint	 ﾠerror.	 ﾠA-ﾭ‐B)	 ﾠAverage	 ﾠendpoint	 ﾠlocation	 ﾠat	 ﾠthe	 ﾠ4	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠfor	 ﾠeach	 ﾠ
individual	 ﾠsplit	 ﾠfor	 ﾠindividuals	 ﾠwith	 ﾠmoderate	 ﾠ(A)	 ﾠand	 ﾠmild	 ﾠ(B)	 ﾠspasticity.	 ﾠData	 ﾠof	 ﾠindividuals	 ﾠwith	 ﾠleft	 ﾠ
hemiplegia	 ﾠis	 ﾠmirrored	 ﾠalong	 ﾠy-ﾭ‐axis.	 ﾠC-ﾭ‐E).	 ﾠParallel	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠfast	 ﾠ(C)	 ﾠand	 ﾠslow	 ﾠ(E)	 ﾠtraining	 ﾠ
group.	 ﾠPresenting	 ﾠparallel	 ﾠerror	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠ4	 ﾠtraining	 ﾠdays.	 ﾠE)	 ﾠComparison	 ﾠof	 ﾠ
change	 ﾠin	 ﾠparallel	 ﾠerror	 ﾠat	 ﾠthe	 ﾠ4	 ﾠtarget	 ﾠspeeds	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠF-ﾭ‐H)	 ﾠ
Perpendicular	 ﾠerror	 ﾠfor	 ﾠfast	 ﾠ(F)	 ﾠand	 ﾠslow	 ﾠ(G)	 ﾠtraining	 ﾠgroup	 ﾠand	 ﾠcomparison	 ﾠbetween	 ﾠgroups	 ﾠ
(H)…………………………………………………………………………………………………………………………………………..……….	 ﾠ89	 ﾠ
Figure	 ﾠ5.6.	 ﾠComparison	 ﾠof	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠvariance	 ﾠof	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠA-ﾭ‐C)	 ﾠdue	 ﾠto	 ﾠtraining.	 ﾠA)	 ﾠdata	 ﾠ
from	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠof	 ﾠ1-ﾭ‐4.	 ﾠB)	 ﾠ
slow	 ﾠtraining	 ﾠgroup	 ﾠmeasures.	 ﾠPlot	 ﾠC)	 ﾠplots	 ﾠthe	 ﾠpercentage	 ﾠchange	 ﾠof	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠ
variance	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups.	 ﾠ …………….…………………………………………………………………….	 ﾠ	 ﾠ90	 ﾠ
Figure	 ﾠ5.7.	 ﾠChanges	 ﾠto	 ﾠvelocity	 ﾠprofiles	 ﾠinduced	 ﾠby	 ﾠtraining.	 ﾠGroup	 ﾠaverage,	 ﾠinterpolated	 ﾠto	 ﾠnormalise	 ﾠreaching	 ﾠ
distance	 ﾠof	 ﾠfast(red)	 ﾠ	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠgroup	 ﾠ(A-ﾭ‐D)	 ﾠat	 ﾠtarget	 ﾠspeed	 ﾠ1	 ﾠ(slow)	 ﾠ(A),	 ﾠtarget	 ﾠspeed	 ﾠ2	 ﾠ(medium	 ﾠ
slow)	 ﾠ(B),	 ﾠtarget	 ﾠspeed	 ﾠ3	 ﾠ(medium	 ﾠfast)	 ﾠ(C)	 ﾠand	 ﾠtarget	 ﾠspeed	 ﾠ4	 ﾠ(fast)	 ﾠ(D).………………………………………..	 ﾠ	 ﾠ91	 ﾠ
Figure	 ﾠ5.8.	 ﾠMovement	 ﾠpath	 ﾠlength	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠcalculated	 ﾠas	 ﾠa	 ﾠpercentage	 ﾠof	 ﾠ
movement	 ﾠlength	 ﾠdivided	 ﾠby	 ﾠEuclidean	 ﾠdistance	 ﾠbetween	 ﾠmovement	 ﾠstart	 ﾠand	 ﾠend	 ﾠposition	 ﾠfor	 ﾠfast	 ﾠ
(A)	 ﾠand	 ﾠslow	 ﾠ(B)	 ﾠtraining	 ﾠgroup…………………………………………………………………………………………………………	 ﾠ	 ﾠ91	 ﾠ
Figure	 ﾠ5.9.	 ﾠWorkspace.	 ﾠA)	 ﾠReaching	 ﾠpath	 ﾠof	 ﾠa	 ﾠrepresentative	 ﾠparticipant	 ﾠfor	 ﾠperformance	 ﾠon	 ﾠworkspace	 ﾠtask	 ﾠ
before	 ﾠ(dashed)	 ﾠand	 ﾠafter	 ﾠ(solid	 ﾠline)	 ﾠtraining	 ﾠin	 ﾠsupported	 ﾠclockwise,	 ﾠsupported	 ﾠanti-ﾭ‐clockwise,	 ﾠ
unsupported	 ﾠclockwise	 ﾠand	 ﾠunsupported	 ﾠanti-ﾭ‐clockwise	 ﾠdirection.	 ﾠMean	 ﾠreach	 ﾠextent	 ﾠ(B)	 ﾠand	 ﾠAUC	 ﾠ(C)	 ﾠ
before	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup	 ﾠduring	 ﾠ
supported	 ﾠand	 ﾠunsupported	 ﾠreaches.	 ﾠ ……………………………………..…………………………………………..	 ﾠ	 ﾠ	 ﾠ94	 ﾠ
Figure	 ﾠ5.10.	 ﾠMean	 ﾠA)	 ﾠspasticity	 ﾠand	 ﾠB)	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroups	 ﾠ
before	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining………………………………………………………………………………………...95	 ﾠ
Figure	 ﾠ5.11	 ﾠA-ﾭ‐C)	 ﾠInfluence	 ﾠof	 ﾠlevel	 ﾠof	 ﾠimpairment	 ﾠon	 ﾠbaseline	 ﾠperformance	 ﾠin	 ﾠreaching	 ﾠtask	 ﾠfor	 ﾠmild	 ﾠ(unfilled)	 ﾠ
and	 ﾠmoderate	 ﾠ(filled)	 ﾠA)	 ﾠsensory	 ﾠimpairment,	 ﾠB)	 ﾠspasticity	 ﾠ(Modified	 ﾠAshworth	 ﾠscore)	 ﾠand	 ﾠC)	 ﾠMuscle	 ﾠ
weakness	 ﾠscore.	 ﾠD-ﾭ‐I)	 ﾠInfluence	 ﾠof	 ﾠimpairment	 ﾠlevel	 ﾠ(mild	 ﾠ(unfilled)	 ﾠand	 ﾠmoderate	 ﾠ(filled))	 ﾠon	 ﾠlearning	 ﾠ
in	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠD-ﾭ‐E)	 ﾠsensory	 ﾠimpairment,	 ﾠF-ﾭ‐G)	 ﾠspasticity	 ﾠand	 ﾠH-ﾭ‐I)	 ﾠ
muscle	 ﾠweakness………………………………………………………………………………………………………………………………	 ﾠ96	 ﾠ
Figure	 ﾠ6.1.	 ﾠPositioning	 ﾠand	 ﾠEMG	 ﾠplacement	 ﾠfor	 ﾠtranscranial	 ﾠmagnetic	 ﾠstimulation……………………………………….110	 ﾠ
Figure	 ﾠ6.2	 ﾠExample	 ﾠof	 ﾠMEP	 ﾠresponses	 ﾠfor	 ﾠsubject	 ﾠTB31	 ﾠ(presenting	 ﾠwith	 ﾠleft	 ﾠhemiplegia)	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠ
left	 ﾠhemisphere.	 ﾠResponses	 ﾠon	 ﾠthe	 ﾠleft	 ﾠrepresent	 ﾠipsilateral	 ﾠactivation	 ﾠ(UI)	 ﾠwhen	 ﾠFigure	 ﾠ6.3.	 ﾠProcess	 ﾠof	 ﾠ
determining	 ﾠMEP	 ﾠevents	 ﾠwith	 ﾠthe	 ﾠuse	 ﾠof	 ﾠa	 ﾠSignal	 ﾠscript.2	 ﾠpart	 ﾠprocess	 ﾠconsisting	 ﾠof	 ﾠ1.)	 ﾠSubtracting	 ﾠDC	 ﾠ
flowed	 ﾠby	 ﾠdetermination	 ﾠof	 ﾠpeak-ﾭ‐to-ﾭ‐peak	 ﾠamplitude	 ﾠof	 ﾠMEP.	 ﾠ2.)	 ﾠdetermining	 ﾠlatency	 ﾠby	 ﾠrectifying	 ﾠ
data,	 ﾠdetermining	 ﾠaverage	 ﾠpre-ﾭ‐activation	 ﾠEMG	 ﾠand	 ﾠdetermining	 ﾠthreshold	 ﾠto	 ﾠmeasure	 ﾠactivation…	 ﾠ112	 ﾠ
Figure	 ﾠ6.3.	 ﾠProcess	 ﾠof	 ﾠdetermining	 ﾠMEP	 ﾠevents	 ﾠwith	 ﾠthe	 ﾠuse	 ﾠof	 ﾠa	 ﾠSignal	 ﾠscript.2	 ﾠpart	 ﾠprocess	 ﾠconsisting	 ﾠof	 ﾠ
Subtracting	 ﾠDC	 ﾠflowed	 ﾠby	 ﾠdetermination	 ﾠof	 ﾠpeak-ﾭ‐to-ﾭ‐peak	 ﾠamplitude	 ﾠof	 ﾠMEP.	 ﾠ2.)	 ﾠdetermining	 ﾠlatency	 ﾠ
by	 ﾠrectifying	 ﾠdata,	 ﾠdetermining	 ﾠaverage	 ﾠpre-ﾭ‐activation	 ﾠEMG	 ﾠand	 ﾠdetermining	 ﾠthreshold	 ﾠto	 ﾠmeasure	 ﾠ




Figure	 ﾠ6.4	 ﾠThe	 ﾠreduction	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠ(expressed	 ﾠas	 ﾠpercentage	 ﾠchange)	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠ
(blue=slow	 ﾠand	 ﾠred=fast)	 ﾠis	 ﾠcompared	 ﾠbetween	 ﾠA)	 ﾠthe	 ﾠwhole	 ﾠstudy	 ﾠgroup	 ﾠ(n=36)	 ﾠand	 ﾠB)	 ﾠthe	 ﾠindividuals	 ﾠ
of	 ﾠthis	 ﾠstudy	 ﾠgroup	 ﾠwho	 ﾠreceived	 ﾠTMS(n=19).	 ﾠThe	 ﾠchange	 ﾠin	 ﾠthe	 ﾠvariability	 ﾠof	 ﾠthe	 ﾠmaximum	 ﾠmovement	 ﾠ
speed	 ﾠis	 ﾠcompared	 ﾠfor	 ﾠC)	 ﾠthe	 ﾠwhole	 ﾠstudy	 ﾠgroup	 ﾠand	 ﾠD)	 ﾠthe	 ﾠindividuals	 ﾠreceiving	 ﾠTMS……………………116	 ﾠ
Figure	 ﾠ6.5.	 ﾠResponse	 ﾠfrequency	 ﾠfor	 ﾠcontralateral	 ﾠ(filled)	 ﾠand	 ﾠipsilateral	 ﾠ(unfilled)	 ﾠupper	 ﾠlimb	 ﾠmuscles	 ﾠwhen	 ﾠ
stimulating	 ﾠunaffected	 ﾠ(red)	 ﾠand	 ﾠaffected	 ﾠ(blue)	 ﾠhemisphere………………………………………………………….118	 ﾠ
Figure	 ﾠ6.6.	 ﾠMean	 ﾠMEP	 ﾠamplitude	 ﾠfor	 ﾠcontralateral	 ﾠ(filled)	 ﾠand	 ﾠipsilateral	 ﾠ(unfilled)	 ﾠupper	 ﾠlimb	 ﾠmuscles	 ﾠwhen	 ﾠ
stimulating	 ﾠunaffected	 ﾠ(red)	 ﾠand	 ﾠaffected	 ﾠ(blue)	 ﾠhemisphere.	 ﾠ………………………………………………………	 ﾠ	 ﾠ119	 ﾠ
Figure	 ﾠ6.7.	 ﾠLatency	 ﾠof	 ﾠMEP	 ﾠonset	 ﾠfor	 ﾠcontralateral	 ﾠ(filled)	 ﾠand	 ﾠipsilateral	 ﾠ(unfilled)	 ﾠupper	 ﾠlimb	 ﾠmuscles	 ﾠwhen	 ﾠ
stimulating	 ﾠunaffected	 ﾠ(red)	 ﾠand	 ﾠaffected	 ﾠ(blue)	 ﾠhemisphere………………………………………………………….120	 ﾠ
Figure	 ﾠ6.8.	 ﾠCorrelation	 ﾠof	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠwith	 ﾠ	 ﾠA)	 ﾠnumber	 ﾠof	 ﾠUI	 ﾠresponses	 ﾠ(red)	 ﾠand	 ﾠB)	 ﾠnumber	 ﾠof	 ﾠAC	 ﾠ
responses	 ﾠ(blue),	 ﾠCorrelation	 ﾠof	 ﾠbaseline	 ﾠendpoint	 ﾠerror	 ﾠwith	 ﾠ	 ﾠC)	 ﾠnumber	 ﾠof	 ﾠUI	 ﾠresponses	 ﾠ(red)	 ﾠand	 ﾠD)	 ﾠ
number	 ﾠof	 ﾠAC	 ﾠresponses	 ﾠ(blue).	 ﾠAll	 ﾠdata	 ﾠrepresents	 ﾠindividual	 ﾠdata	 ﾠof	 ﾠtraces	 ﾠfrom	 ﾠtriceps,	 ﾠanterior	 ﾠ
deltoid	 ﾠand	 ﾠpectoralis	 ﾠmajor……………………………………………………………………………………………………………	 ﾠ121	 ﾠ
Figure	 ﾠ6.9.	 ﾠCorrelation	 ﾠof	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠwith	 ﾠ	 ﾠA)	 ﾠincreased	 ﾠlatency	 ﾠof	 ﾠUI	 ﾠresponses(red)	 ﾠand	 ﾠB)	 ﾠincreased	 ﾠ
latency	 ﾠof	 ﾠAC	 ﾠresponses	 ﾠ(blue)	 ﾠin	 ﾠrelationship	 ﾠthe	 ﾠUC	 ﾠresponse	 ﾠlatency………………………………………….	 ﾠ122	 ﾠ
Figure	 ﾠ6.10.	 ﾠA-ﾭ‐B)	 ﾠChange	 ﾠof	 ﾠMEP	 ﾠnumber	 ﾠof	 ﾠresponses	 ﾠand	 ﾠC-ﾭ‐D)	 ﾠlatency	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter(filled)	 ﾠ
training	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠ(fast	 ﾠand	 ﾠslow).	 ﾠRed	 ﾠgraphs	 ﾠdepicts	 ﾠUI	 ﾠresponses	 ﾠand	 ﾠblue	 ﾠgraphs	 ﾠ
AC	 ﾠMEP	 ﾠresponses………………………………………………………………………………………………………………………….	 ﾠ124	 ﾠ
Figure	 ﾠ6.11.	 ﾠLaterality	 ﾠindex	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠunaffected	 ﾠ(red)	 ﾠ
and	 ﾠaffected	 ﾠ(blue)	 ﾠhemisphere	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠand	 ﾠslow	 ﾠtraining	 ﾠgroup…………………………………………	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ124	 ﾠ
Figure	 ﾠ7.1.	 ﾠExample	 ﾠof	 ﾠa	 ﾠraw	 ﾠ(A)	 ﾠand	 ﾠfiltered	 ﾠ(B)	 ﾠEMG	 ﾠdata	 ﾠtrace	 ﾠof	 ﾠa	 ﾠsingle	 ﾠmovement	 ﾠ	 ﾠdemonstrating	 ﾠmass	 ﾠ
activation	 ﾠwith	 ﾠno	 ﾠdiscernible	 ﾠtri-ﾭ‐phasic	 ﾠactivation.	 ﾠVertical	 ﾠcursor	 ﾠat	 ﾠ0s	 ﾠindicates	 ﾠonset	 ﾠof	 ﾠmovement	 ﾠ
and	 ﾠsecond	 ﾠcursor	 ﾠindicates	 ﾠend	 ﾠof	 ﾠmovement	 ﾠlimit.	 ﾠ	 ﾠ…………………………………………………………………..	 ﾠ	 ﾠ	 ﾠ135	 ﾠ
Figure	 ﾠ7.2.	 ﾠExample	 ﾠof	 ﾠa	 ﾠraw(A)	 ﾠand	 ﾠfiltered(B)	 ﾠEMG	 ﾠdata	 ﾠof	 ﾠa	 ﾠsingle	 ﾠreaching	 ﾠmovement	 ﾠdemonstrating	 ﾠno	 ﾠ
offset	 ﾠand	 ﾠtriceps	 ﾠmovement	 ﾠactivity.	 ﾠReaching	 ﾠmovement	 ﾠstarted	 ﾠat	 ﾠ0s	 ﾠ(cursor	 ﾠ1)	 ﾠand	 ﾠterminated	 ﾠ
before	 ﾠthe	 ﾠmovement	 ﾠlimit	 ﾠset	 ﾠat	 ﾠ700ms	 ﾠ(cursor	 ﾠ2)	 ﾠbut	 ﾠtriceps	 ﾠactivity	 ﾠwas	 ﾠsustained	 ﾠafter	 ﾠthe	 ﾠ
movement	 ﾠwas	 ﾠcompleted.	 ﾠ………………………………………………………………………………………………………….	 ﾠ	 ﾠ	 ﾠ136	 ﾠ
Figure	 ﾠ7.3.	 ﾠMean	 ﾠrectified	 ﾠmuscle	 ﾠactivity	 ﾠfor	 ﾠthe	 ﾠunaffected	 ﾠ(filled)	 ﾠand	 ﾠaffected	 ﾠ(unfilled)	 ﾠA)	 ﾠbiceps	 ﾠ(red)	 ﾠand	 ﾠ
B)	 ﾠtriceps	 ﾠ(blue)	 ﾠmuscle	 ﾠduring	 ﾠfast	 ﾠreaching	 ﾠmovement	 ﾠat	 ﾠbaseline.	 ﾠC)	 ﾠMaximum	 ﾠbiceps	 ﾠactivity…	 ﾠ	 ﾠ138	 ﾠ
Figure	 ﾠ7.4.	 ﾠCorrelation	 ﾠof	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠwith	 ﾠmean	 ﾠbiceps	 ﾠactivity	 ﾠduring	 ﾠreaching	 ﾠmovement	 ﾠat	 ﾠbaseline	 ﾠ
assessment…………………………………………………………………………………………………………………………………….	 ﾠ	 ﾠ139	 ﾠ
Figure	 ﾠ7.5.	 ﾠ	 ﾠOnset	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠin	 ﾠrelation	 ﾠto	 ﾠmovement	 ﾠonset	 ﾠfor	 ﾠunaffected	 ﾠ(filled)	 ﾠand	 ﾠaffected	 ﾠ
(unfilled)	 ﾠupper	 ﾠlimb	 ﾠfor	 ﾠA)	 ﾠbiceps	 ﾠ(red)	 ﾠand	 ﾠB)	 ﾠtriceps	 ﾠ(blue)	 ﾠmuscle	 ﾠat	 ﾠbaseline	 ﾠassessment…………	 ﾠ140	 ﾠ
Figure	 ﾠ7.6.	 ﾠCorrelation	 ﾠof	 ﾠbaseline	 ﾠendpoint	 ﾠerror	 ﾠwith	 ﾠonset	 ﾠof	 ﾠbiceps	 ﾠactivity	 ﾠat	 ﾠA)	 ﾠslow	 ﾠand	 ﾠB)	 ﾠfast	 ﾠtarget	 ﾠ
speed	 ﾠand	 ﾠC)	 ﾠwith	 ﾠFugl-ﾭ‐Meyer	 ﾠscore………………………………………………………………………………………………	 ﾠ	 ﾠ141	 ﾠ
Figure	 ﾠ7.7.	 ﾠCorrelation	 ﾠof	 ﾠA)	 ﾠunaffected	 ﾠ(grey)	 ﾠand	 ﾠB)	 ﾠaffected	 ﾠ(black)	 ﾠmean	 ﾠbiceps	 ﾠto	 ﾠtriceps	 ﾠactivity	 ﾠand	 ﾠC)	 ﾠ
muscle	 ﾠactivity	 ﾠratio	 ﾠof	 ﾠtriceps	 ﾠto	 ﾠbiceps	 ﾠactivity	 ﾠfor	 ﾠthe	 ﾠunaffected	 ﾠand	 ﾠaffected	 ﾠupper	 ﾠlimb…………	 ﾠ142	 ﾠ
Figure	 ﾠ7.8.	 ﾠCorrelation	 ﾠof	 ﾠA)	 ﾠunaffected	 ﾠ(grey)	 ﾠand	 ﾠB)	 ﾠaffected	 ﾠ(black)	 ﾠmean	 ﾠbiceps	 ﾠto	 ﾠtriceps	 ﾠactivity	 ﾠfor	 ﾠthe	 ﾠ
period	 ﾠfrom	 ﾠ50ms	 ﾠbefore	 ﾠmovement	 ﾠonset	 ﾠto	 ﾠ100ms	 ﾠafter	 ﾠmovement	 ﾠonset.	 ﾠC)	 ﾠMuscle	 ﾠactivity	 ﾠratio	 ﾠ
of	 ﾠtriceps	 ﾠto	 ﾠbiceps	 ﾠactivity	 ﾠfor	 ﾠthe	 ﾠunaffected	 ﾠ(grey)	 ﾠand	 ﾠaffected	 ﾠ(black)	 ﾠupper	 ﾠlimb	 ﾠfor	 ﾠthe	 ﾠactivation	 ﾠ
period	 ﾠof	 ﾠ50ms	 ﾠbefore	 ﾠmovement	 ﾠonset	 ﾠto	 ﾠ100ms	 ﾠafter	 ﾠonset………………………………………………………	 ﾠ	 ﾠ143	 ﾠ
Figure	 ﾠ7.9.	 ﾠOnset	 ﾠof	 ﾠEMG	 ﾠactivity	 ﾠof	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠfast	 ﾠand	 ﾠ
slow	 ﾠtraining	 ﾠgroup	 ﾠfor	 ﾠA)	 ﾠbiceps	 ﾠ(red)	 ﾠand	 ﾠB)	 ﾠtriceps	 ﾠ(blue)	 ﾠmuscle……………………………………………….	 ﾠ144	 ﾠ
Figure	 ﾠ7.10.	 ﾠA)	 ﾠMean	 ﾠbiceps	 ﾠactivity	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠ





Table	 ﾠ3-ﾭ‐1	 ﾠVelocity	 ﾠat	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups…….……………………………..………………………….	 ﾠ49	 ﾠ
Table	 ﾠ4-ﾭ‐1	 ﾠStatistical	 ﾠsummary	 ﾠcomparing	 ﾠreward	 ﾠrate	 ﾠduring	 ﾠtraining	 ﾠbetween	 ﾠthe	 ﾠfast	 ﾠand	 ﾠslow	 ﾠtraining	 ﾠ
group………………………………………………………………………………………………………………………………………………..	 ﾠ63	 ﾠ
Table	 ﾠ5.1.	 ﾠClinical	 ﾠpresentation	 ﾠof	 ﾠresearch	 ﾠparticipants…………………………………………………………………………….....	 ﾠ82	 ﾠ
	 ﾠ





AC	 ﾠ 	 ﾠ Affected	 ﾠcontralateral	 ﾠ
AI	 ﾠ 	 ﾠ Affected	 ﾠipsilateral	 ﾠ
ANOVA	 ﾠ	 ﾠ 	 ﾠ Analysis	 ﾠof	 ﾠvariance	 ﾠ
BDNF	 ﾠ 	 ﾠ Brain	 ﾠderived	 ﾠneurotrophic	 ﾠfactor	 ﾠ
CIMT	 ﾠ 	 ﾠ Constraint	 ﾠinduced	 ﾠmovement	 ﾠtherapy	 ﾠ
CST	 ﾠ 	 ﾠ Corticospinal	 ﾠtract	 ﾠ
CT	 ﾠ 	 ﾠ Computerised	 ﾠtomography	 ﾠ
DOF	 ﾠ 	 ﾠ Degrees	 ﾠof	 ﾠfreedom	 ﾠ
EMG	 ﾠ 	 ﾠ Electromyography	 ﾠ
LI	 ﾠ 	 ﾠ Laterality	 ﾠIndex	 ﾠ
LTD	 ﾠ 	 ﾠ Long	 ﾠterm	 ﾠdepression	 ﾠ
LTP	 ﾠ	 ﾠ 	 ﾠ Long-ﾭ‐term	 ﾠpotentiation	 ﾠ
M1	 ﾠ 	 ﾠ Primary	 ﾠmotor	 ﾠcortex	 ﾠ
MAS	 ﾠ 	 ﾠ Modified	 ﾠAshworth	 ﾠScale	 ﾠ
MEP	 ﾠ 	 ﾠ Motor	 ﾠevoked	 ﾠpotential	 ﾠ
MN	 ﾠ 	 ﾠ Motor	 ﾠneuron	 ﾠ
MRC	 ﾠ 	 ﾠ Medical	 ﾠResearch	 ﾠCouncil	 ﾠ
MRI	 ﾠ 	 ﾠ Magneto-ﾭ‐resonance	 ﾠimagery	 ﾠ
MSO	 ﾠ 	 ﾠ Maximal	 ﾠstimulator	 ﾠoutput	 ﾠ
n	 ﾠ 	 ﾠ number	 ﾠ
RST	 ﾠ 	 ﾠ Reticulospinal	 ﾠtract	 ﾠ
SAT	 ﾠ 	 ﾠ Speed-ﾭ‐accuracy	 ﾠtrade-ﾭ‐off	 ﾠ
SD	 ﾠ 	 ﾠ Standard	 ﾠdeviation	 ﾠ
SE	 ﾠ 	 ﾠ Standard	 ﾠerror	 ﾠ
TENS	 ﾠ 	 ﾠ Transcutaneous	 ﾠelectrical	 ﾠnerve	 ﾠstimulation	 ﾠ
TMS	 ﾠ 	 ﾠ Transcranial	 ﾠmagnetic	 ﾠstimulation	 ﾠ
UC	 ﾠ 	 ﾠ Unaffected	 ﾠcontralateral	 ﾠ
UI	 ﾠ 	 ﾠ Unaffected	 ﾠipsilateral	 ﾠ
UMN	 ﾠ 	 ﾠ Upper	 ﾠmotor	 ﾠneuron	 ﾠ
	 ﾠ




Publications	 ﾠin	 ﾠrelation	 ﾠto	 ﾠthis	 ﾠthesis	 ﾠ
Hammerbeck	 ﾠU,	 ﾠYousif	 ﾠN,	 ﾠGreenwood	 ﾠR,	 ﾠRothwell	 ﾠJC	 ﾠ,	 ﾠDiedrichsen	 ﾠJ.	 ﾠMovement	 ﾠspeed	 ﾠis	 ﾠbiased	 ﾠby	 ﾠ
prior	 ﾠexperience.	 ﾠJ	 ﾠNeurophysiol	 ﾠ2014:	 ﾠ	 ﾠ111(1):	 ﾠ128-ﾭ‐133	 ﾠ	 ﾠ
The	 ﾠresults	 ﾠfrom	 ﾠthis	 ﾠpaper	 ﾠare	 ﾠdescribed	 ﾠin	 ﾠChapter	 ﾠ4.	 ﾠ









1.1.  Introduction ﾠ
During	 ﾠdaily	 ﾠactivities	 ﾠmovements	 ﾠare	 ﾠperformed	 ﾠat	 ﾠa	 ﾠwide	 ﾠvariety	 ﾠof	 ﾠmovement	 ﾠvelocities	 ﾠ
dependent	 ﾠon	 ﾠthe	 ﾠmovement	 ﾠgoal,	 ﾠi.e.	 ﾠreaching	 ﾠto	 ﾠstop	 ﾠa	 ﾠchild	 ﾠfrom	 ﾠstepping	 ﾠonto	 ﾠa	 ﾠroad	 ﾠor	 ﾠreaching	 ﾠ
to	 ﾠinsert	 ﾠa	 ﾠkey	 ﾠinto	 ﾠa	 ﾠlock.	 ﾠHowever,	 ﾠour	 ﾠknowledge	 ﾠof	 ﾠhow	 ﾠmovement	 ﾠspeed	 ﾠaffects	 ﾠmotor	 ﾠlearning	 ﾠ
in	 ﾠhealth	 ﾠand	 ﾠafter	 ﾠstroke	 ﾠis	 ﾠlimited	 ﾠ(Francis,	 ﾠ2008,	 ﾠDeJong	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠShmuelof	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ
Current	 ﾠevidence	 ﾠ–based	 ﾠintervention	 ﾠprotocols,	 ﾠe.g.	 ﾠConstraint-ﾭ‐induced	 ﾠMovement	 ﾠtherapy	 ﾠ
(CIMT)(Liepert	 ﾠet	 ﾠal.,	 ﾠ2000)	 ﾠas	 ﾠwell	 ﾠas	 ﾠclinical	 ﾠguidelines	 ﾠfor	 ﾠstroke	 ﾠrehabilitation	 ﾠ(Royal-ﾭ‐College-ﾭ‐of-ﾭ‐
Physicians,	 ﾠ2013)	 ﾠdo	 ﾠnot	 ﾠincorporate	 ﾠmovements	 ﾠat	 ﾠvarious	 ﾠspeeds,	 ﾠnor	 ﾠemphasise	 ﾠthe	 ﾠneed	 ﾠto	 ﾠ
move	 ﾠat	 ﾠa	 ﾠvariety	 ﾠof	 ﾠmovement	 ﾠspeeds.	 ﾠ	 ﾠAlthough	 ﾠmovement	 ﾠspeed	 ﾠvariation	 ﾠis	 ﾠprobably	 ﾠ
incorporated	 ﾠinto	 ﾠa	 ﾠrange	 ﾠof	 ﾠtherapeutic	 ﾠactivities	 ﾠwhen	 ﾠtreating	 ﾠthe	 ﾠless	 ﾠaffected	 ﾠindividual,	 ﾠthis	 ﾠ
probably	 ﾠdoesn’t	 ﾠoccur	 ﾠwhen	 ﾠtreating	 ﾠpatients	 ﾠwith	 ﾠmore	 ﾠseverely	 ﾠaffected	 ﾠupper	 ﾠlimbs,	 ﾠwhich	 ﾠare	 ﾠ
not	 ﾠincorporated	 ﾠinto	 ﾠfunctional	 ﾠactivities	 ﾠ(Lang	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠA	 ﾠhesitance	 ﾠto	 ﾠencourage	 ﾠfast	 ﾠ
movements	 ﾠin	 ﾠrehabilitation	 ﾠparadigms	 ﾠprobably	 ﾠstems,	 ﾠat	 ﾠleast	 ﾠpartially,	 ﾠfrom	 ﾠthe	 ﾠhistorical	 ﾠ
emphasis	 ﾠon	 ﾠpromoting	 ﾠnormal	 ﾠmovement	 ﾠand	 ﾠpreventing	 ﾠmovements	 ﾠthat	 ﾠwould	 ﾠdegrade	 ﾠ
movement	 ﾠquality	 ﾠ(Bobath,	 ﾠ1990).	 ﾠFast	 ﾠmovements,	 ﾠit	 ﾠwas	 ﾠthought,	 ﾠcould	 ﾠincrease	 ﾠspasticity,	 ﾠa	 ﾠ
velocity	 ﾠdependent	 ﾠmuscle	 ﾠstiffness	 ﾠobserved	 ﾠafter	 ﾠstroke	 ﾠ(Pandyan	 ﾠet	 ﾠal.,	 ﾠ2005).	 ﾠAfter	 ﾠa	 ﾠ
neurological	 ﾠinsult	 ﾠindividuals	 ﾠtend	 ﾠto	 ﾠmove	 ﾠslowly	 ﾠ(Wagner	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠDeJong	 ﾠet	 ﾠal.,	 ﾠ2011),	 ﾠand	 ﾠ
continual	 ﾠexposure	 ﾠto	 ﾠthis	 ﾠsame	 ﾠmovement	 ﾠvelocity	 ﾠis	 ﾠlikely	 ﾠto	 ﾠreinforce	 ﾠtheir	 ﾠslowness	 ﾠof	 ﾠ
movement,	 ﾠthrough	 ﾠuse-ﾭ‐dependent	 ﾠlearning	 ﾠmechanisms	 ﾠ(Diedrichsen	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠHowever	 ﾠ
individuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠ(DeJong	 ﾠet	 ﾠal.,	 ﾠ2011)	 ﾠas	 ﾠwell	 ﾠas	 ﾠother	 ﾠneurological	 ﾠconditions	 ﾠ(Mazzoni	 ﾠ
et	 ﾠal.,	 ﾠ2007),	 ﾠare	 ﾠable	 ﾠto	 ﾠmove	 ﾠfaster	 ﾠthan	 ﾠtheir	 ﾠpreferred	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠstudies	 ﾠhave	 ﾠ
indicated	 ﾠthat	 ﾠfaster	 ﾠmovements	 ﾠimprove	 ﾠthe	 ﾠquality	 ﾠof	 ﾠmovements	 ﾠ(van	 ﾠVliet	 ﾠand	 ﾠSheridan,	 ﾠ2007,	 ﾠ
DeJong	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ
Movement	 ﾠtrajectories,	 ﾠfor	 ﾠa	 ﾠmulti-ﾭ‐joint	 ﾠmovement,	 ﾠlike	 ﾠreaching	 ﾠare	 ﾠvery	 ﾠstereotypical,	 ﾠbut	 ﾠ
achieving	 ﾠthese	 ﾠpatterns	 ﾠwith	 ﾠspatio-ﾭ‐temporal	 ﾠvariations	 ﾠrequires	 ﾠcomplex	 ﾠneuromuscular	 ﾠ




like	 ﾠreaching	 ﾠafter	 ﾠstroke,	 ﾠis	 ﾠcaused	 ﾠby	 ﾠa	 ﾠcombination	 ﾠof	 ﾠimpairments	 ﾠresulting	 ﾠfrom	 ﾠdamage	 ﾠto	 ﾠthe	 ﾠ
corticospinal	 ﾠpathway.	 ﾠMuscle	 ﾠweakness,	 ﾠsensory	 ﾠloss	 ﾠand	 ﾠspasticity	 ﾠall	 ﾠcontribute	 ﾠto	 ﾠthe	 ﾠ
impairments	 ﾠ(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠWagner	 ﾠet	 ﾠal.,	 ﾠ2006).	 ﾠIntensive	 ﾠtraining	 ﾠafter	 ﾠstroke	 ﾠcan	 ﾠ
promote	 ﾠrecovery,	 ﾠeven	 ﾠin	 ﾠthe	 ﾠchronic	 ﾠphase,	 ﾠby	 ﾠinducing	 ﾠimprovements	 ﾠthat	 ﾠresult	 ﾠfrom	 ﾠrecovered	 ﾠ
function	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠeffectors	 ﾠrather	 ﾠthan	 ﾠcompensatory	 ﾠstrategies	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠLevin	 ﾠet	 ﾠ
al.,	 ﾠ2009).	 ﾠHowever,	 ﾠtask	 ﾠrepetition	 ﾠand	 ﾠtime	 ﾠspent	 ﾠtraining	 ﾠupper	 ﾠlimb	 ﾠmovements	 ﾠtend	 ﾠto	 ﾠbe	 ﾠvery	 ﾠ
low	 ﾠin	 ﾠclinical	 ﾠpractice	 ﾠ(Lang	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠHayward	 ﾠand	 ﾠBrauer,	 ﾠ2014),	 ﾠas	 ﾠwell	 ﾠas	 ﾠin	 ﾠmany	 ﾠ
experimental	 ﾠdesigns,	 ﾠand	 ﾠis	 ﾠnot	 ﾠcomparable	 ﾠto	 ﾠthe	 ﾠamount	 ﾠof	 ﾠtraining	 ﾠshown	 ﾠto	 ﾠbe	 ﾠeffective	 ﾠin	 ﾠ
evidence	 ﾠfrom	 ﾠanimal	 ﾠmodels	 ﾠ(Nudo	 ﾠet	 ﾠal.,	 ﾠ1996).	 ﾠTraining	 ﾠwith	 ﾠsuch	 ﾠa	 ﾠhigh	 ﾠnumber	 ﾠof	 ﾠrepetitions	 ﾠis	 ﾠ
however	 ﾠachievable	 ﾠin	 ﾠhuman	 ﾠstroke	 ﾠsurvivors	 ﾠ(Birkenmeier	 ﾠet	 ﾠal.,	 ﾠ2010)	 ﾠand	 ﾠusing	 ﾠa	 ﾠrobotic	 ﾠ
manipulandum	 ﾠwhich	 ﾠeliminates	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠgravity	 ﾠdoes	 ﾠenable	 ﾠindividuals	 ﾠwith	 ﾠmore	 ﾠsevere	 ﾠ
weakness	 ﾠto	 ﾠperform	 ﾠsufficient	 ﾠrepetitions	 ﾠof	 ﾠreaching	 ﾠmovements	 ﾠto	 ﾠpromote	 ﾠstrengthening	 ﾠand	 ﾠ
recovery	 ﾠ(Coscia	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ	 ﾠ
1.2.  Research ﾠAims: ﾠ
The	 ﾠaim	 ﾠof	 ﾠthis	 ﾠthesis	 ﾠis	 ﾠto	 ﾠinvestigate	 ﾠhow	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠcan	 ﾠimprove	 ﾠ
reaching	 ﾠaccuracy	 ﾠwith	 ﾠintensive	 ﾠtraining.	 ﾠSpecifically,	 ﾠI	 ﾠinvestigate	 ﾠhow	 ﾠtraining	 ﾠat	 ﾠslow	 ﾠand	 ﾠfast	 ﾠ
movement	 ﾠspeed	 ﾠinfluences	 ﾠthe	 ﾠhabitual	 ﾠmovement	 ﾠspeed	 ﾠin	 ﾠhealthy	 ﾠindividuals.	 ﾠI	 ﾠfurther	 ﾠ
investigate	 ﾠhow	 ﾠreaching	 ﾠperformance	 ﾠis	 ﾠaltered	 ﾠin	 ﾠhealth	 ﾠand	 ﾠin	 ﾠchronic	 ﾠstroke	 ﾠwhen	 ﾠtraining	 ﾠis	 ﾠ
performed	 ﾠat	 ﾠeither	 ﾠslow	 ﾠor	 ﾠfast	 ﾠmovement	 ﾠspeed.	 ﾠIn	 ﾠparticular,	 ﾠthe	 ﾠstudy	 ﾠwas	 ﾠdesigned	 ﾠto	 ﾠrecruit	 ﾠa	 ﾠ
more	 ﾠseverely	 ﾠaffected	 ﾠstroke	 ﾠpopulation.	 ﾠIt	 ﾠestablishes	 ﾠwhether	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠ
after	 ﾠstroke	 ﾠis	 ﾠdetrimental	 ﾠto	 ﾠmotor	 ﾠrecovery,	 ﾠand	 ﾠhow	 ﾠthe	 ﾠclinical	 ﾠimpairments	 ﾠresulting	 ﾠfrom	 ﾠthe	 ﾠ
stroke	 ﾠinfluence	 ﾠlearning.	 ﾠ
1.3.  Research ﾠQuestion ﾠ
•  Does	 ﾠtraining	 ﾠat	 ﾠeither	 ﾠfast	 ﾠor	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠalter	 ﾠthe	 ﾠhabitual	 ﾠmovement	 ﾠspeed	 ﾠin	 ﾠ




•  How	 ﾠdoes	 ﾠtraining	 ﾠat	 ﾠa	 ﾠspecific	 ﾠmovement	 ﾠspeed	 ﾠinfluence	 ﾠlearning	 ﾠand	 ﾠgeneralise	 ﾠto	 ﾠother	 ﾠ
movement	 ﾠspeeds	 ﾠin	 ﾠhealth	 ﾠand	 ﾠafter	 ﾠstroke?	 ﾠ
•  Does	 ﾠlearning	 ﾠat	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠrely	 ﾠon	 ﾠimproving	 ﾠfeedback	 ﾠintegration,	 ﾠand	 ﾠ
learning	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠon	 ﾠimproved	 ﾠupdate	 ﾠof	 ﾠthe	 ﾠfeed	 ﾠforward	 ﾠmotor	 ﾠplan?	 ﾠ
•  How	 ﾠdoes	 ﾠthe	 ﾠclinical	 ﾠpresentation	 ﾠof	 ﾠstroke	 ﾠpatients	 ﾠaffect	 ﾠperformance	 ﾠand	 ﾠlearning?	 ﾠ	 ﾠ
•  Can	 ﾠI	 ﾠobserve	 ﾠimprovements	 ﾠin	 ﾠclinical	 ﾠoutcomes	 ﾠafter	 ﾠthis	 ﾠshort	 ﾠtraining	 ﾠprotocol,	 ﾠand	 ﾠdoes	 ﾠ
it	 ﾠdiffer	 ﾠbetween	 ﾠthe	 ﾠtraining	 ﾠgroups?	 ﾠ	 ﾠ
•  Do	 ﾠipsilateral	 ﾠpathways	 ﾠfrom	 ﾠthe	 ﾠunaffected	 ﾠmotor	 ﾠpathway	 ﾠcontribute	 ﾠto	 ﾠproximal	 ﾠmotor	 ﾠ
function	 ﾠand	 ﾠrecovery	 ﾠin	 ﾠthis	 ﾠmore	 ﾠseverely	 ﾠaffected	 ﾠpatient	 ﾠgroup?	 ﾠ	 ﾠ
•  Can	 ﾠEMG	 ﾠactivation	 ﾠpatterns	 ﾠcontribute	 ﾠto	 ﾠour	 ﾠunderstanding	 ﾠof	 ﾠwhich	 ﾠcortical	 ﾠpathways	 ﾠ
assist	 ﾠwith	 ﾠmotor	 ﾠfunction	 ﾠin	 ﾠchronic	 ﾠstroke	 ﾠpatients?	 ﾠ
1.4.  Organisation ﾠof ﾠthesis ﾠ
This	 ﾠthesis	 ﾠexplores	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠduring	 ﾠtraining	 ﾠon	 ﾠmotor	 ﾠrelearning	 ﾠin	 ﾠhealth	 ﾠ
and	 ﾠafter	 ﾠstroke	 ﾠin	 ﾠ4	 ﾠchapters.	 ﾠ
1.)  Chapter	 ﾠ4	 ﾠexplores	 ﾠthe	 ﾠeffect	 ﾠthat	 ﾠtraining	 ﾠat	 ﾠa	 ﾠspecific	 ﾠspeed	 ﾠhas	 ﾠon	 ﾠhealthy	 ﾠindividual’s	 ﾠ
habitual	 ﾠmovement	 ﾠspeed.	 ﾠ
2.)  	 ﾠChapter	 ﾠ5	 ﾠpresents	 ﾠthe	 ﾠlearning	 ﾠdata	 ﾠof	 ﾠstroke	 ﾠpatients,	 ﾠand	 ﾠdemonstrate	 ﾠa	 ﾠtraining	 ﾠ
speed	 ﾠspecific	 ﾠlearning	 ﾠeffect	 ﾠthat	 ﾠdistinguishes	 ﾠbetween	 ﾠmechanisms	 ﾠin	 ﾠthe	 ﾠtwo	 ﾠ
protocols.	 ﾠI	 ﾠfurther	 ﾠinvestigated	 ﾠthe	 ﾠeffect	 ﾠthat	 ﾠimpairment	 ﾠhas	 ﾠon	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠ
this	 ﾠtask	 ﾠand	 ﾠhow	 ﾠit	 ﾠinfluences	 ﾠmotor	 ﾠlearning.	 ﾠ
3.)  	 ﾠChapter	 ﾠ6	 ﾠinvestigates	 ﾠthe	 ﾠrelationship	 ﾠof	 ﾠthe	 ﾠipsi-ﾭ‐and	 ﾠcontralateral	 ﾠhemispheric	 ﾠ
innervation,	 ﾠestablished	 ﾠby	 ﾠtranscranial	 ﾠmagnetic	 ﾠstimulation,	 ﾠon	 ﾠlearning	 ﾠand	 ﾠhow	 ﾠthis	 ﾠ
is	 ﾠchanged	 ﾠby	 ﾠtraining.	 ﾠ
4.)  Chapter	 ﾠ7	 ﾠexpands	 ﾠon	 ﾠthe	 ﾠneurophysiological	 ﾠinvestigation	 ﾠby	 ﾠstudying	 ﾠEMG	 ﾠactivation	 ﾠ
profiles	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠunaffected	 ﾠupper	 ﾠlimb	 ﾠand	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠtraining.	 ﾠ
 ﾠ
This	 ﾠthesis	 ﾠcontributes	 ﾠto	 ﾠour	 ﾠunderstanding	 ﾠof	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠduring	 ﾠ
training	 ﾠregimes,	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠas	 ﾠwell	 ﾠas	 ﾠin	 ﾠpatients	 ﾠaffected	 ﾠby	 ﾠstroke.	 ﾠIt	 ﾠexplores	 ﾠthe	 ﾠeffect	 ﾠ




the	 ﾠtrained	 ﾠand	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeed.	 ﾠI	 ﾠinvestigate	 ﾠif	 ﾠstroke	 ﾠpatients	 ﾠcan	 ﾠtolerate	 ﾠan	 ﾠ
intensive	 ﾠtraining	 ﾠprogramme	 ﾠand	 ﾠhow	 ﾠthe	 ﾠindividual’s	 ﾠclinical	 ﾠimpairment	 ﾠinfluences	 ﾠperformance	 ﾠ
and	 ﾠlearning	 ﾠin	 ﾠthis	 ﾠsupported	 ﾠreaching	 ﾠtask.	 ﾠ	 ﾠ










2.1.  Stroke	 ﾠ	 ﾠ
Stroke	 ﾠis	 ﾠthe	 ﾠleading	 ﾠcause	 ﾠof	 ﾠphysical	 ﾠimpairment	 ﾠin	 ﾠthe	 ﾠdeveloped	 ﾠworld	 ﾠimpacting	 ﾠon	 ﾠ
individual’s	 ﾠindependence	 ﾠand	 ﾠthe	 ﾠability	 ﾠto	 ﾠfulfil	 ﾠlife	 ﾠroles	 ﾠ(WHO,	 ﾠ2001).	 ﾠOutcome	 ﾠafter	 ﾠstroke	 ﾠis	 ﾠ
improving	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠrecent	 ﾠresearch	 ﾠaddressing	 ﾠstroke	 ﾠprevention	 ﾠby	 ﾠlifestyle	 ﾠchanges,	 ﾠreduced	 ﾠ
severity	 ﾠof	 ﾠearly	 ﾠmorbidity	 ﾠafter	 ﾠstroke	 ﾠby	 ﾠhyperacute	 ﾠthrombolysis,	 ﾠand	 ﾠimproved	 ﾠsubsequent	 ﾠ
recovery	 ﾠusing	 ﾠintegrated	 ﾠinterdisciplinary	 ﾠinpatient	 ﾠand	 ﾠearly	 ﾠdischarge	 ﾠcare	 ﾠand	 ﾠtherapy	 ﾠ
programmes	 ﾠ(Veerbeek	 ﾠet	 ﾠal,	 ﾠ2014).	 ﾠHowever,	 ﾠwith	 ﾠan	 ﾠageing	 ﾠpopulation	 ﾠthe	 ﾠprevalence	 ﾠof	 ﾠage-ﾭ‐
associated	 ﾠdiseases	 ﾠlike	 ﾠstroke	 ﾠis	 ﾠlikely	 ﾠto	 ﾠincrease.	 ﾠAs	 ﾠ40%	 ﾠof	 ﾠthe	 ﾠ152	 ﾠ000,	 ﾠpatients	 ﾠsuffering	 ﾠa	 ﾠstroke	 ﾠ
every	 ﾠyear	 ﾠin	 ﾠthe	 ﾠUK	 ﾠnever	 ﾠrecover	 ﾠfull	 ﾠupper	 ﾠlimb	 ﾠfunction	 ﾠ(Royal-ﾭ‐College-ﾭ‐of-ﾭ‐Physicians,	 ﾠ2013)	 ﾠit	 ﾠis	 ﾠ
essential	 ﾠto	 ﾠstrive	 ﾠto	 ﾠimprove	 ﾠrehabilitation	 ﾠtechniques	 ﾠto	 ﾠimprove	 ﾠpatients	 ﾠfunctional	 ﾠindependence	 ﾠ
and	 ﾠoutcome	 ﾠafter	 ﾠstroke	 ﾠ(Langhorne	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ	 ﾠ
A	 ﾠstroke	 ﾠresults	 ﾠfrom	 ﾠthe	 ﾠloss	 ﾠof	 ﾠblood	 ﾠsupply	 ﾠto	 ﾠthe	 ﾠbrain	 ﾠor	 ﾠa	 ﾠpart	 ﾠthereof	 ﾠresulting	 ﾠin	 ﾠa	 ﾠlack	 ﾠ
of	 ﾠoxygenation	 ﾠand	 ﾠthereby	 ﾠdamage	 ﾠto	 ﾠbrain	 ﾠtissue.	 ﾠThis	 ﾠinterruption	 ﾠcan	 ﾠbe	 ﾠischaemic	 ﾠor	 ﾠ
haemorrhagic.	 ﾠBy	 ﾠthe	 ﾠnature	 ﾠof	 ﾠthe	 ﾠpathology,	 ﾠthe	 ﾠinsult	 ﾠcan	 ﾠoccur	 ﾠin	 ﾠany	 ﾠpart	 ﾠof	 ﾠthe	 ﾠbrain,	 ﾠaffect	 ﾠ
cortical	 ﾠor	 ﾠsubcortical	 ﾠstructures,	 ﾠand	 ﾠlesion	 ﾠsize	 ﾠcan	 ﾠvary	 ﾠgreatly	 ﾠ(Dobkin	 ﾠand	 ﾠDorsch,	 ﾠ2013).	 ﾠIf	 ﾠthe	 ﾠ
lesion	 ﾠis	 ﾠlocated	 ﾠin	 ﾠthe	 ﾠsensory-ﾭ‐motor	 ﾠsystem	 ﾠit	 ﾠresults	 ﾠin	 ﾠaltered	 ﾠcorticospinal	 ﾠconnectivity	 ﾠand	 ﾠ
alterations	 ﾠin	 ﾠthe	 ﾠformation	 ﾠof	 ﾠthe	 ﾠcortical	 ﾠcommand,	 ﾠleading	 ﾠto	 ﾠdifficulties	 ﾠin	 ﾠperforming	 ﾠfunctional	 ﾠ
movement.	 ﾠ	 ﾠ
Problems	 ﾠwith	 ﾠaltered	 ﾠcontrol	 ﾠof	 ﾠmovements	 ﾠand	 ﾠactions	 ﾠand	 ﾠthe	 ﾠimplications	 ﾠthese	 ﾠhave	 ﾠon	 ﾠ
functioning	 ﾠhave	 ﾠbeen	 ﾠdivided	 ﾠby	 ﾠthe	 ﾠWorld	 ﾠHealth	 ﾠOrganisation	 ﾠ(WHO,	 ﾠ2001)	 ﾠinto	 ﾠimpairments	 ﾠat	 ﾠa	 ﾠ
body	 ﾠstructure	 ﾠand	 ﾠfunction	 ﾠlevel,	 ﾠthe	 ﾠlimitations	 ﾠthat	 ﾠthese	 ﾠimpairments	 ﾠimpose	 ﾠon	 ﾠdaily	 ﾠactivities,	 ﾠ
and	 ﾠhow	 ﾠthey	 ﾠrestrict	 ﾠparticipation	 ﾠin	 ﾠlife	 ﾠroles.	 ﾠAlthough	 ﾠimprovements	 ﾠin	 ﾠactivity	 ﾠand	 ﾠparticipation	 ﾠ
are	 ﾠtypically	 ﾠthe	 ﾠtrue	 ﾠgoals	 ﾠof	 ﾠrehabilitation,	 ﾠand	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠmeasure	 ﾠrecovery,	 ﾠthese	 ﾠ
improvements	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠeither	 ﾠby	 ﾠreducing	 ﾠimpairments	 ﾠor	 ﾠby	 ﾠdeveloping	 ﾠcompensatory	 ﾠ




impairment,	 ﾠmeasured	 ﾠthe	 ﾠpatients’	 ﾠsymptoms	 ﾠand	 ﾠalterations	 ﾠdue	 ﾠto	 ﾠinterventions	 ﾠat	 ﾠan	 ﾠ
impairment	 ﾠlevel.	 ﾠ
Common	 ﾠpresentations	 ﾠafter	 ﾠa	 ﾠstroke	 ﾠinclude	 ﾠcontralateral	 ﾠweakness,	 ﾠreduced	 ﾠcontrol	 ﾠof	 ﾠ
movement	 ﾠand	 ﾠpoor	 ﾠcoordination,	 ﾠdifficulties	 ﾠwith	 ﾠspeech,	 ﾠincluding	 ﾠreceptive	 ﾠand	 ﾠexpressive	 ﾠ
dysphasia,	 ﾠsensory	 ﾠand	 ﾠvisual	 ﾠdisturbances,	 ﾠcoordination	 ﾠdifficulties,	 ﾠcognitive	 ﾠchanges	 ﾠand	 ﾠfatigue	 ﾠ
(Langhorne	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ
2.2.  Proximal	 ﾠupper	 ﾠlimb	 ﾠsymptoms	 ﾠ	 ﾠ
Disturbance	 ﾠof	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠcontrol	 ﾠis	 ﾠas	 ﾠprevalent	 ﾠas	 ﾠdistal	 ﾠdifficulties	 ﾠwith	 ﾠ
movement,	 ﾠhowever,	 ﾠit	 ﾠis	 ﾠfrequently	 ﾠless	 ﾠof	 ﾠa	 ﾠpriority	 ﾠin	 ﾠthe	 ﾠlimited	 ﾠavailable	 ﾠrehabilitation	 ﾠsessions,	 ﾠ
yet	 ﾠit	 ﾠis	 ﾠa	 ﾠsource	 ﾠof	 ﾠcontinued	 ﾠdisability	 ﾠand	 ﾠlimitation	 ﾠof	 ﾠfunction	 ﾠthat	 ﾠimpacts	 ﾠon	 ﾠpatient.	 ﾠCurrent	 ﾠ
evidence	 ﾠspecifically	 ﾠsupports	 ﾠCIMT	 ﾠ(Liepert	 ﾠet	 ﾠal.,	 ﾠ2000,	 ﾠLanghorne	 ﾠet	 ﾠal.,	 ﾠ2014),	 ﾠan	 ﾠintervention	 ﾠfor	 ﾠ
individuals	 ﾠwith	 ﾠrelatively	 ﾠmild	 ﾠdistal	 ﾠimpairment.	 ﾠThese	 ﾠindividuals	 ﾠhave	 ﾠa	 ﾠgood	 ﾠprognosis	 ﾠfor	 ﾠat	 ﾠ
least	 ﾠsome	 ﾠrecovery	 ﾠof	 ﾠfunction	 ﾠ(Prabhakaran	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠTherefore	 ﾠit	 ﾠwas	 ﾠof	 ﾠparticular	 ﾠinterest	 ﾠto	 ﾠ
establish	 ﾠif	 ﾠit	 ﾠis	 ﾠpossible	 ﾠto	 ﾠimprove	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠintervention	 ﾠfor	 ﾠthe	 ﾠmore	 ﾠseverely	 ﾠaffected	 ﾠ
population	 ﾠwho	 ﾠpresent	 ﾠwith	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠweakness	 ﾠand	 ﾠdifficulties	 ﾠwith	 ﾠreaching.	 ﾠVarious	 ﾠ
trials	 ﾠhave	 ﾠinvestigated	 ﾠstroke	 ﾠsurvivors	 ﾠperformance	 ﾠfor	 ﾠsupported	 ﾠand	 ﾠunsupported	 ﾠreaching	 ﾠ
movement	 ﾠand	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠdifferent	 ﾠtraining	 ﾠapproaches	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠBirkenmeier	 ﾠet	 ﾠ
al.,	 ﾠ2010,	 ﾠDeJong	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠMehrholz	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠDuff	 ﾠet	 ﾠal.,	 ﾠ2013,	 ﾠPatten	 ﾠet	 ﾠal.,	 ﾠ2013,	 ﾠ
Subramanian	 ﾠet	 ﾠal.,	 ﾠ2013,	 ﾠMilot	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠHowever,	 ﾠmovement	 ﾠrepetition	 ﾠhas	 ﾠbeen	 ﾠlow	 ﾠin	 ﾠmany	 ﾠ
of	 ﾠthese	 ﾠdesigns	 ﾠand	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠaltering	 ﾠthe	 ﾠmovement	 ﾠvelocity	 ﾠin	 ﾠthese	 ﾠreaching	 ﾠmovements	 ﾠhas	 ﾠ
not	 ﾠbeen	 ﾠsystematically	 ﾠinvestigated.	 ﾠ	 ﾠ
Investigations	 ﾠof	 ﾠreaching	 ﾠdescribe	 ﾠkinematic	 ﾠalterations	 ﾠthat	 ﾠinclude	 ﾠreductions	 ﾠin	 ﾠ
movement	 ﾠvelocity	 ﾠ(Wing	 ﾠet	 ﾠal.,	 ﾠ1990,	 ﾠDeJong	 ﾠet	 ﾠal.,	 ﾠ2011),	 ﾠchanges	 ﾠin	 ﾠmovement	 ﾠsmoothness	 ﾠwith	 ﾠ
increased	 ﾠnumber	 ﾠof	 ﾠsub-ﾭ‐movements	 ﾠ(Levin,	 ﾠ1996,	 ﾠBeer	 ﾠet	 ﾠal.,	 ﾠ2000),	 ﾠreductions	 ﾠof	 ﾠreaching	 ﾠextent	 ﾠ




al.,	 ﾠ2004,	 ﾠBeer	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠEllis	 ﾠet	 ﾠal.,	 ﾠ2011),	 ﾠand	 ﾠreduced	 ﾠindividuation	 ﾠof	 ﾠshoulder	 ﾠand	 ﾠelbow	 ﾠ
muscle	 ﾠactivity	 ﾠ(Beer	 ﾠet	 ﾠal.,	 ﾠ2000,	 ﾠZackowski	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠRoh	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠ	 ﾠ
These	 ﾠabnormal	 ﾠmovement	 ﾠpatterns	 ﾠduring	 ﾠreaching	 ﾠare	 ﾠdue	 ﾠto	 ﾠa	 ﾠnumber	 ﾠof	 ﾠunderlying	 ﾠ
impairments	 ﾠ(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠIt	 ﾠis	 ﾠnow	 ﾠrecognised	 ﾠthat	 ﾠmuscle	 ﾠweakness	 ﾠis	 ﾠa	 ﾠmajor	 ﾠ
contributor	 ﾠto	 ﾠmovement	 ﾠdifficulties	 ﾠbut	 ﾠabnormal	 ﾠactivation	 ﾠpatterns,	 ﾠspasticity	 ﾠand	 ﾠsensation	 ﾠall	 ﾠ
influence	 ﾠfunctional	 ﾠability	 ﾠ(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠAda	 ﾠet	 ﾠal.,	 ﾠ2006,	 ﾠWagner	 ﾠet	 ﾠal.,	 ﾠ2006).	 ﾠ
2.2.1.  Muscle	 ﾠweakness	 ﾠand	 ﾠdexterity	 ﾠ
Weakness	 ﾠis	 ﾠcaused	 ﾠby	 ﾠa	 ﾠreduction	 ﾠor	 ﾠan	 ﾠinterruption	 ﾠof	 ﾠdescending	 ﾠcorticospinal	 ﾠdrive	 ﾠ
(Lawrence	 ﾠand	 ﾠKuypers,	 ﾠ1968).	 ﾠThis	 ﾠis	 ﾠdue	 ﾠto	 ﾠneuronal	 ﾠcell	 ﾠdeath	 ﾠin	 ﾠthe	 ﾠprimary	 ﾠ(M1)	 ﾠor	 ﾠsecondary	 ﾠ
motor	 ﾠareas	 ﾠof	 ﾠcortex	 ﾠin	 ﾠcortical	 ﾠstroke,	 ﾠor	 ﾠdue	 ﾠto	 ﾠdamage	 ﾠof	 ﾠdescending	 ﾠaxons	 ﾠin	 ﾠthe	 ﾠcorticospinal	 ﾠ
tract	 ﾠ(CST)	 ﾠin	 ﾠsubcortical	 ﾠstroke	 ﾠ(Lemon,	 ﾠ2008).	 ﾠThese	 ﾠdescending	 ﾠmotor	 ﾠtracts	 ﾠdo	 ﾠnot	 ﾠonly	 ﾠconsist	 ﾠof	 ﾠ
the	 ﾠdirect	 ﾠcortico-ﾭ‐motoneuronal	 ﾠtracts,	 ﾠknown	 ﾠto	 ﾠbe	 ﾠimportant	 ﾠfor	 ﾠprimate	 ﾠdexterity	 ﾠbut	 ﾠalso	 ﾠa	 ﾠ
complex	 ﾠnetwork	 ﾠof	 ﾠindirect	 ﾠcorticospinal	 ﾠconnections	 ﾠand	 ﾠcorticobulbar	 ﾠconnections,	 ﾠvia	 ﾠthe	 ﾠ
reticulospinal	 ﾠ(RST)	 ﾠand	 ﾠrubrospinal	 ﾠtracts	 ﾠ(Lawrence	 ﾠand	 ﾠKuypers,	 ﾠ1968,	 ﾠLemon,	 ﾠ2008).	 ﾠ	 ﾠInsufficient	 ﾠ
activation	 ﾠof	 ﾠthe	 ﾠmotoneurons	 ﾠ(MN)	 ﾠresults	 ﾠin	 ﾠweak	 ﾠor	 ﾠabsent	 ﾠmuscle	 ﾠcontractions.	 ﾠ	 ﾠ	 ﾠWith	 ﾠtime,	 ﾠthe	 ﾠ
reduced	 ﾠdescending	 ﾠsignals	 ﾠlead	 ﾠto	 ﾠalterations	 ﾠin	 ﾠmotor	 ﾠunit	 ﾠrecruitment,	 ﾠfiring	 ﾠpatterns,	 ﾠmuscle	 ﾠ
fibre	 ﾠtype,	 ﾠmuscle	 ﾠlength	 ﾠand	 ﾠlength-ﾭ‐tension	 ﾠrelationships	 ﾠand	 ﾠresults	 ﾠin	 ﾠdisuse	 ﾠatrophy	 ﾠin	 ﾠstroke	 ﾠ
patients	 ﾠ(Ramsay	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ
The	 ﾠinnervation	 ﾠof	 ﾠdistal	 ﾠfinger	 ﾠmusculature	 ﾠdiffers	 ﾠfrom	 ﾠproximal	 ﾠmuscles	 ﾠin	 ﾠthat	 ﾠthere	 ﾠis	 ﾠ
greater	 ﾠreliance	 ﾠon	 ﾠCST	 ﾠand	 ﾠdirect	 ﾠconnections	 ﾠto	 ﾠthe	 ﾠventral	 ﾠhorn,	 ﾠresulting	 ﾠin	 ﾠsevere	 ﾠweakness	 ﾠ
after	 ﾠdamage	 ﾠof	 ﾠthis	 ﾠpathway	 ﾠas	 ﾠestablished	 ﾠin	 ﾠanimal	 ﾠmodels	 ﾠ(Lawrence	 ﾠand	 ﾠKuypers,	 ﾠ1968,	 ﾠLemon,	 ﾠ
2008).	 ﾠ	 ﾠProximal	 ﾠand	 ﾠaxial	 ﾠmuscles	 ﾠhave	 ﾠhowever,	 ﾠadditional	 ﾠinnervation	 ﾠfrom	 ﾠthe	 ﾠuncrossed	 ﾠ
ipsilateral	 ﾠCST	 ﾠand	 ﾠbilateral	 ﾠreticulospinal	 ﾠtracts	 ﾠ(Lemon,	 ﾠ2008),	 ﾠwith	 ﾠwidely	 ﾠdivergent	 ﾠinnervations	 ﾠ
across	 ﾠmultiple	 ﾠspinal	 ﾠlevels	 ﾠeven	 ﾠspanning	 ﾠthe	 ﾠcervical	 ﾠand	 ﾠlumbar	 ﾠregion	 ﾠin	 ﾠmonkeys	 ﾠ(Matsuyama	 ﾠ




preserve	 ﾠa	 ﾠgreater	 ﾠamount	 ﾠof	 ﾠmuscle	 ﾠstrength	 ﾠafter	 ﾠsingle	 ﾠlesions	 ﾠ(Zaaimi	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠThis	 ﾠanimal	 ﾠ
study	 ﾠdemonstrated	 ﾠincreased	 ﾠprevalence	 ﾠof	 ﾠreticulospinal	 ﾠresponses	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠmedial	 ﾠ
longitudinal	 ﾠfasciculus	 ﾠafter	 ﾠdiscreet	 ﾠlesions	 ﾠin	 ﾠmonkeys.	 ﾠInterestingly,	 ﾠthe	 ﾠextensor	 ﾠmuscles	 ﾠwere	 ﾠ
not	 ﾠinnervated	 ﾠby	 ﾠthese	 ﾠpathways.	 ﾠExtensor	 ﾠweakness	 ﾠis	 ﾠa	 ﾠvery	 ﾠcommon	 ﾠpresentation	 ﾠafter	 ﾠa	 ﾠstroke	 ﾠ
and	 ﾠthis	 ﾠfinding	 ﾠmight	 ﾠreflect	 ﾠthe	 ﾠimportance	 ﾠof	 ﾠthe	 ﾠCST	 ﾠinput	 ﾠto	 ﾠextensor	 ﾠmuscles.	 ﾠ	 ﾠ
2.2.2. 	 ﾠ Spasticity/Abnormal	 ﾠmuscle	 ﾠtone	 ﾠ
Another	 ﾠcommon	 ﾠpresentation	 ﾠafter	 ﾠstroke	 ﾠis	 ﾠan	 ﾠalteration	 ﾠof	 ﾠmuscle	 ﾠtone,	 ﾠcalled	 ﾠspasticity.	 ﾠ
Spasticity	 ﾠhas	 ﾠbeen	 ﾠdefined	 ﾠas:	 ﾠ‘disordered	 ﾠsensorimotor	 ﾠcontrol	 ﾠresulting	 ﾠfrom	 ﾠan	 ﾠupper	 ﾠmotor	 ﾠ
neuron	 ﾠlesion,	 ﾠpresenting	 ﾠas	 ﾠintermittent	 ﾠor	 ﾠsustained	 ﾠinvoluntary	 ﾠactivation	 ﾠof	 ﾠmuscles’	 ﾠ(Pandyan	 ﾠet	 ﾠ
al.,	 ﾠ2005).	 ﾠ	 ﾠSpasticity	 ﾠis	 ﾠnot	 ﾠevident	 ﾠimmediately	 ﾠafter	 ﾠa	 ﾠstroke	 ﾠbut	 ﾠevolves	 ﾠover	 ﾠthe	 ﾠinitial	 ﾠ3	 ﾠmonths	 ﾠ
(Dietz	 ﾠand	 ﾠSinkjaer,	 ﾠ2012).	 ﾠThis	 ﾠgradual	 ﾠevolution	 ﾠof	 ﾠaltered	 ﾠmuscle	 ﾠactivity	 ﾠis	 ﾠthought	 ﾠto	 ﾠbe	 ﾠdue	 ﾠto	 ﾠa	 ﾠ
number	 ﾠof	 ﾠfactor,	 ﾠnamely	 ﾠ1)	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠafferent	 ﾠinput	 ﾠto	 ﾠspinal	 ﾠMN,	 ﾠ2)	 ﾠchanges	 ﾠin	 ﾠreflex	 ﾠcircuits	 ﾠ
affecting	 ﾠMN	 ﾠexcitability,	 ﾠand	 ﾠ3)	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠintrinsic	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠMN	 ﾠ(Brown,	 ﾠ1994).	 ﾠ
Because	 ﾠof	 ﾠaltered	 ﾠmuscle	 ﾠactivation	 ﾠpatterns,	 ﾠdisuse	 ﾠand	 ﾠmaintained	 ﾠposturing,	 ﾠthe	 ﾠmuscle	 ﾠ
properties	 ﾠchange	 ﾠover	 ﾠtime	 ﾠand	 ﾠcontribute	 ﾠfurther	 ﾠto	 ﾠreduced	 ﾠcontrol	 ﾠof	 ﾠmovement	 ﾠ(Graham,	 ﾠ
2013).	 ﾠThe	 ﾠinterplay	 ﾠbetween	 ﾠthe	 ﾠaltered	 ﾠneural	 ﾠdrive	 ﾠand	 ﾠthe	 ﾠchanges	 ﾠin	 ﾠmuscle	 ﾠproperties	 ﾠmake	 ﾠ
this	 ﾠa	 ﾠvery	 ﾠdifficult	 ﾠsymptom	 ﾠto	 ﾠtreat.	 ﾠPoor	 ﾠmanagement	 ﾠcan	 ﾠlead	 ﾠto	 ﾠthe	 ﾠformation	 ﾠof	 ﾠcontractures	 ﾠ
and	 ﾠresultant	 ﾠdifficulties	 ﾠwith	 ﾠmotor	 ﾠcontrol.	 ﾠ
Although	 ﾠspasticity	 ﾠhas	 ﾠtraditionally	 ﾠbeen	 ﾠa	 ﾠmajor	 ﾠtarget	 ﾠfor	 ﾠrehabilitation,	 ﾠthe	 ﾠextent	 ﾠto	 ﾠ
which	 ﾠan	 ﾠenhancement	 ﾠin	 ﾠstretch	 ﾠevoked	 ﾠactivity,	 ﾠi.e.	 ﾠspasticity,	 ﾠimpairs	 ﾠfunctional	 ﾠmovements	 ﾠis	 ﾠ
now	 ﾠbeing	 ﾠquestioned	 ﾠ(Malhotra	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠIt	 ﾠis	 ﾠnow	 ﾠthought	 ﾠthat	 ﾠweakness	 ﾠafter	 ﾠa	 ﾠneurological	 ﾠ
insult	 ﾠhas	 ﾠa	 ﾠgreater	 ﾠinfluence	 ﾠon	 ﾠdisability	 ﾠthan	 ﾠspasticity	 ﾠ(Ada	 ﾠet	 ﾠal.,	 ﾠ2006,	 ﾠSorinola	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠ
Burke	 ﾠet	 ﾠal.,	 ﾠ2013),	 ﾠand	 ﾠalso	 ﾠthat	 ﾠspasticity	 ﾠis	 ﾠnot	 ﾠthe	 ﾠcause	 ﾠof	 ﾠpoor	 ﾠisolation	 ﾠof	 ﾠjoint	 ﾠmovements	 ﾠ




Because	 ﾠof	 ﾠthe	 ﾠvelocity	 ﾠdependence	 ﾠof	 ﾠspasticity,	 ﾠfast	 ﾠmovements	 ﾠhave	 ﾠtraditionally	 ﾠbeen	 ﾠ
dissuaded	 ﾠ(Bobath,	 ﾠ1979)	 ﾠ,	 ﾠthis	 ﾠmight	 ﾠbe	 ﾠone	 ﾠreason	 ﾠwhy	 ﾠthe	 ﾠimportance	 ﾠof	 ﾠalterations	 ﾠin	 ﾠmovement	 ﾠ
speed	 ﾠof	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠtraining	 ﾠhas	 ﾠnot	 ﾠbeen	 ﾠmechanistically	 ﾠinvestigated.	 ﾠIn	 ﾠclinical	 ﾠpractice	 ﾠ
altered	 ﾠmovement	 ﾠtone	 ﾠis	 ﾠassessed	 ﾠduring	 ﾠrest	 ﾠor	 ﾠpassive	 ﾠmovement	 ﾠwith	 ﾠthe	 ﾠmodified	 ﾠAshworth	 ﾠ
Scale	 ﾠ(MAS).	 ﾠThis	 ﾠscale	 ﾠdoes	 ﾠhowever	 ﾠnot	 ﾠspecifically	 ﾠquantify	 ﾠspasticity	 ﾠbut	 ﾠis	 ﾠrather	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠ
hypertonus	 ﾠwhich	 ﾠincludes	 ﾠneural	 ﾠas	 ﾠwell	 ﾠas	 ﾠnon-ﾭ‐neuronal	 ﾠaspects	 ﾠof	 ﾠincreased	 ﾠstiffness	 ﾠobserved	 ﾠ
after	 ﾠneurological	 ﾠinsult	 ﾠ(Malhotra	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠ	 ﾠA	 ﾠfurther	 ﾠlimitation	 ﾠof	 ﾠthis	 ﾠmeasurement	 ﾠtechniques	 ﾠ
is	 ﾠthat	 ﾠhypertonus	 ﾠis	 ﾠassessed	 ﾠat	 ﾠrest.	 ﾠHowever,	 ﾠthe	 ﾠincreased	 ﾠneural	 ﾠfiring	 ﾠobserved	 ﾠduring	 ﾠrest	 ﾠis	 ﾠ
not	 ﾠevident	 ﾠduring	 ﾠmovement.	 ﾠDuring	 ﾠmovement,	 ﾠspasticity	 ﾠcauses	 ﾠa	 ﾠreduced	 ﾠability	 ﾠto	 ﾠalter	 ﾠor	 ﾠ
modulate	 ﾠfiring	 ﾠas	 ﾠthe	 ﾠtask	 ﾠrequirements	 ﾠchange	 ﾠ(Mottram	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠMottram	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ	 ﾠThe	 ﾠ
functional	 ﾠlimitations	 ﾠof	 ﾠspasticity	 ﾠare	 ﾠhowever	 ﾠof	 ﾠcourse	 ﾠevident	 ﾠduring	 ﾠmovement.	 ﾠ
2.2.3. Sensory	 ﾠand	 ﾠproprioceptive	 ﾠfeedback	 ﾠ
The	 ﾠimportance	 ﾠof	 ﾠsensory	 ﾠfeedback	 ﾠto	 ﾠthe	 ﾠcontrol	 ﾠof	 ﾠmovement	 ﾠis	 ﾠwell	 ﾠrecognised	 ﾠ(Todorov	 ﾠ
and	 ﾠJordan,	 ﾠ2002,	 ﾠSchmidt	 ﾠand	 ﾠLee,	 ﾠ2011)	 ﾠand	 ﾠhas	 ﾠbeen	 ﾠdemonstrated	 ﾠin	 ﾠanimal	 ﾠmodels	 ﾠ(Asanuma	 ﾠ
and	 ﾠArissian,	 ﾠ1984)	 ﾠas	 ﾠwell	 ﾠas	 ﾠin	 ﾠhumans	 ﾠ(Rothwell	 ﾠet	 ﾠal.,	 ﾠ1982,	 ﾠJeannerod	 ﾠet	 ﾠal.,	 ﾠ1984,	 ﾠColebatch	 ﾠet	 ﾠ
al.,	 ﾠ1990).	 ﾠSensory	 ﾠfeedback	 ﾠis	 ﾠreliant	 ﾠon	 ﾠa	 ﾠnumber	 ﾠof	 ﾠdifferent	 ﾠinputs	 ﾠto	 ﾠthe	 ﾠcortex	 ﾠwith	 ﾠwidely	 ﾠ
distributed	 ﾠperipheral	 ﾠsensory	 ﾠorgans	 ﾠand	 ﾠspino-ﾭ‐cortical	 ﾠpathways.	 ﾠInformation	 ﾠof	 ﾠlight	 ﾠtouch,	 ﾠheat,	 ﾠ
vibration	 ﾠand	 ﾠjoint	 ﾠposition	 ﾠare	 ﾠrelayed	 ﾠto	 ﾠthe	 ﾠcentral	 ﾠnervous	 ﾠsystem	 ﾠand	 ﾠafter	 ﾠstroke	 ﾠany	 ﾠof	 ﾠthese	 ﾠ
senses	 ﾠcan	 ﾠbe	 ﾠaffected	 ﾠdepending	 ﾠon	 ﾠthe	 ﾠsite	 ﾠof	 ﾠthe	 ﾠlesion	 ﾠ(Schmidt	 ﾠand	 ﾠLee,	 ﾠ2011).	 ﾠ	 ﾠIn	 ﾠthe	 ﾠabsence	 ﾠ
or	 ﾠwith	 ﾠdisturbed	 ﾠsensory	 ﾠfeedback,	 ﾠi.e.	 ﾠin	 ﾠstroke	 ﾠinvolving	 ﾠthe	 ﾠsensory	 ﾠsystem,	 ﾠrecovery	 ﾠis	 ﾠreduced	 ﾠ
(Vidoni	 ﾠand	 ﾠBoyd,	 ﾠ2009)	 ﾠand	 ﾠslower	 ﾠ(Chester	 ﾠand	 ﾠMcLaren,	 ﾠ1989).	 ﾠThis	 ﾠis	 ﾠmore	 ﾠpronounced	 ﾠin	 ﾠthe	 ﾠ
upper	 ﾠlimb,	 ﾠprobably	 ﾠdue	 ﾠto	 ﾠgreater	 ﾠtask	 ﾠcomplexity.	 ﾠSensory	 ﾠdisturbance	 ﾠin	 ﾠstroke	 ﾠpatients	 ﾠis	 ﾠa	 ﾠ
predictor	 ﾠof	 ﾠpoor	 ﾠmotor	 ﾠrecovery	 ﾠ(Kwakkel	 ﾠet	 ﾠal.,	 ﾠ1996)	 ﾠand	 ﾠit	 ﾠcompounds	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠother	 ﾠ




1971).	 ﾠ	 ﾠThe	 ﾠreduced	 ﾠfeedback	 ﾠof	 ﾠlimb	 ﾠposition,	 ﾠdue	 ﾠto	 ﾠsensory	 ﾠloss	 ﾠcan	 ﾠalso	 ﾠresult	 ﾠin	 ﾠsensory	 ﾠneglect	 ﾠ
and	 ﾠreinforce	 ﾠthe	 ﾠdisuse	 ﾠof	 ﾠan	 ﾠupper	 ﾠlimb	 ﾠwith	 ﾠnormal	 ﾠmuscle	 ﾠpower.	 ﾠ
2.2.4.  	 ﾠ	 ﾠ Altered	 ﾠmotor	 ﾠcontrol	 ﾠ
Additionally	 ﾠto	 ﾠweakness,	 ﾠspasticity	 ﾠand	 ﾠsensory	 ﾠdisturbance,	 ﾠstroke	 ﾠpatients	 ﾠalso	 ﾠpresent	 ﾠ
with	 ﾠdifficulties	 ﾠin	 ﾠmovement	 ﾠcontrol.	 ﾠMovement	 ﾠstability	 ﾠis	 ﾠdisrupted	 ﾠand	 ﾠmuscle	 ﾠactivation	 ﾠ
patterns	 ﾠare	 ﾠaltered.	 ﾠStereotypical	 ﾠarm	 ﾠmovements	 ﾠemerge	 ﾠknown	 ﾠas	 ﾠsynergies	 ﾠ(Twitchell,	 ﾠ1951)	 ﾠ
with	 ﾠco-ﾭ‐activation	 ﾠof	 ﾠelbow	 ﾠflexion	 ﾠand	 ﾠshoulder	 ﾠabduction	 ﾠ(Beer	 ﾠet	 ﾠal.,	 ﾠ2000).	 ﾠThis	 ﾠabnormal	 ﾠ
coupling	 ﾠof	 ﾠshoulder	 ﾠand	 ﾠelbow	 ﾠmovement	 ﾠhas	 ﾠbeen	 ﾠfound	 ﾠto	 ﾠbe	 ﾠa	 ﾠmajor	 ﾠcontributor	 ﾠto	 ﾠ
abnormalities	 ﾠin	 ﾠreaching	 ﾠmovements	 ﾠ(Beer	 ﾠet	 ﾠal.,	 ﾠ2000,	 ﾠDewald	 ﾠet	 ﾠal.,	 ﾠ2001,	 ﾠZackowski	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠ
The	 ﾠflexion	 ﾠsynergy	 ﾠis	 ﾠexacerbated	 ﾠby	 ﾠgravitational	 ﾠforces	 ﾠas	 ﾠwell	 ﾠas	 ﾠincreased	 ﾠtask	 ﾠdemand.	 ﾠ
Increased	 ﾠeffort	 ﾠin	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠ(Prange	 ﾠet	 ﾠal.,	 ﾠ2010)	 ﾠor	 ﾠdistant	 ﾠeffectors;	 ﾠi.e.	 ﾠ
example	 ﾠwalking,	 ﾠalso	 ﾠincrease	 ﾠthe	 ﾠsynergistic	 ﾠactivation.	 ﾠ
	 ﾠIn	 ﾠclinical	 ﾠpractice,	 ﾠsynergies	 ﾠwere	 ﾠhistorically	 ﾠseen	 ﾠas	 ﾠan	 ﾠindicator	 ﾠthat	 ﾠthe	 ﾠtask	 ﾠwas	 ﾠtoo	 ﾠ
difficult	 ﾠand	 ﾠtreatment	 ﾠintensity	 ﾠwas	 ﾠmatched	 ﾠnot	 ﾠto	 ﾠelicit	 ﾠthem	 ﾠ(Bobath,	 ﾠ1979).	 ﾠStroke	 ﾠpatients	 ﾠalso	 ﾠ
report	 ﾠthem	 ﾠto	 ﾠbe	 ﾠunsightly	 ﾠand	 ﾠhinder	 ﾠsome	 ﾠin	 ﾠfunctional	 ﾠtasks,	 ﾠfor	 ﾠexample	 ﾠdressing.	 ﾠSynergies	 ﾠare	 ﾠ
not	 ﾠmeasured	 ﾠin	 ﾠclinical	 ﾠpractice	 ﾠhowever	 ﾠresearch	 ﾠstudies	 ﾠhave	 ﾠattempted	 ﾠto	 ﾠquantify	 ﾠthem.	 ﾠThis	 ﾠis	 ﾠ
mostly	 ﾠperformed	 ﾠwith	 ﾠEMG	 ﾠduring	 ﾠactivity	 ﾠbut	 ﾠcan	 ﾠonly	 ﾠbe	 ﾠobserved	 ﾠin	 ﾠseverely	 ﾠimpaired	 ﾠ
individuals	 ﾠ(Cheung	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠRoh	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠIsometric	 ﾠforce-ﾭ‐matching	 ﾠtasks	 ﾠ(Dewald	 ﾠet	 ﾠal.,	 ﾠ
1995)	 ﾠhave	 ﾠbetter	 ﾠquantifying	 ﾠabnormal	 ﾠcontrol	 ﾠthan	 ﾠantigravity	 ﾠmovements	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠ
Cheung	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠPrange	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠIn	 ﾠreaching	 ﾠmovements,	 ﾠwhen	 ﾠgravity	 ﾠis	 ﾠeliminated,	 ﾠnormal	 ﾠ
activation	 ﾠpatterns	 ﾠare	 ﾠmaintained	 ﾠin	 ﾠmild	 ﾠto	 ﾠmoderate	 ﾠaffected	 ﾠstroke	 ﾠpatients	 ﾠ(Coscia	 ﾠet	 ﾠal.,	 ﾠ2014)	 ﾠ
thereby	 ﾠallowing	 ﾠpractice	 ﾠof	 ﾠ‘normal’	 ﾠreaching.	 ﾠ
The	 ﾠunderlying	 ﾠcauses	 ﾠfor	 ﾠthe	 ﾠco-ﾭ‐contraction	 ﾠobserved	 ﾠin	 ﾠstroke	 ﾠpatients	 ﾠcan	 ﾠbe	 ﾠdifficult	 ﾠto	 ﾠ
tease	 ﾠapart	 ﾠand	 ﾠare	 ﾠstill	 ﾠnot	 ﾠwell	 ﾠunderstood	 ﾠ(Tropea	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠPossible	 ﾠmechanisms	 ﾠcould	 ﾠ




(Johansen-ﾭ‐Berg	 ﾠet	 ﾠal.,	 ﾠ2002,	 ﾠWard	 ﾠet	 ﾠal.,	 ﾠ2003),	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠspinal	 ﾠinterneuonal	 ﾠexcitability,	 ﾠor	 ﾠ
increased	 ﾠreliance	 ﾠon	 ﾠbrainstem	 ﾠand	 ﾠparticularly	 ﾠreticulospinal	 ﾠpathways.	 ﾠRST	 ﾠreliance	 ﾠcould	 ﾠexplain	 ﾠ
some	 ﾠof	 ﾠthe	 ﾠfeatures	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠupper	 ﾠlimb	 ﾠafter	 ﾠstroke.	 ﾠEvidence	 ﾠin	 ﾠhumans	 ﾠis	 ﾠstill	 ﾠlimited	 ﾠ
however	 ﾠanimal	 ﾠmodels	 ﾠsuggest	 ﾠthat	 ﾠthe	 ﾠless	 ﾠdivergent	 ﾠmotoneuronal	 ﾠprojections	 ﾠcould	 ﾠexplain	 ﾠ
decreased	 ﾠindividuation	 ﾠof	 ﾠmovement	 ﾠcontrol	 ﾠ(Matsuyama	 ﾠet	 ﾠal.,	 ﾠ1999).	 ﾠAdditionally	 ﾠthe	 ﾠRST	 ﾠ
projections	 ﾠto	 ﾠupper	 ﾠlimb	 ﾠflexors	 ﾠafter	 ﾠa	 ﾠstroke	 ﾠare	 ﾠmore	 ﾠnumerous	 ﾠand	 ﾠexcitable	 ﾠin	 ﾠanimal	 ﾠmodels	 ﾠ
(Ellis	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠEllis	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠZaaimi	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ	 ﾠ
Movement	 ﾠat	 ﾠany	 ﾠjoint	 ﾠresults	 ﾠin	 ﾠaltered	 ﾠrotational	 ﾠforces	 ﾠat	 ﾠadjacent	 ﾠjoints.	 ﾠIn	 ﾠsingle	 ﾠjoint	 ﾠ
movements	 ﾠthese	 ﾠforces	 ﾠare	 ﾠovercome	 ﾠand	 ﾠthe	 ﾠlimb	 ﾠstability	 ﾠis	 ﾠmaintained	 ﾠby	 ﾠaltered	 ﾠphasic	 ﾠmuscle	 ﾠ
activation	 ﾠand	 ﾠare	 ﾠachievable	 ﾠafter	 ﾠstroke	 ﾠ(Gribble	 ﾠand	 ﾠOstry,	 ﾠ1999).	 ﾠHowever	 ﾠmost	 ﾠfunctional	 ﾠarm	 ﾠ
movements	 ﾠrequire	 ﾠmovement	 ﾠnot	 ﾠonly	 ﾠaround	 ﾠone	 ﾠjoint,	 ﾠbut	 ﾠalso	 ﾠas	 ﾠmulti-ﾭ‐joint	 ﾠmovements.	 ﾠIn	 ﾠ
multi-ﾭ‐joint	 ﾠmovements	 ﾠsignificant	 ﾠinteraction	 ﾠtorques	 ﾠarise	 ﾠnot	 ﾠonly	 ﾠdue	 ﾠto	 ﾠthe	 ﾠmuscle	 ﾠaction	 ﾠat	 ﾠthe	 ﾠ
joints	 ﾠbut	 ﾠalso	 ﾠdue	 ﾠto	 ﾠthe	 ﾠinteraction	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠof	 ﾠother	 ﾠsegments	 ﾠ(Hollerbach	 ﾠand	 ﾠFlash,	 ﾠ
1982).	 ﾠDespite	 ﾠthese	 ﾠaltered	 ﾠinter-ﾭ‐segmental	 ﾠdynamics,	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠmovement	 ﾠtrajectories	 ﾠ
are	 ﾠpreserved	 ﾠat	 ﾠdifferent	 ﾠvelocities	 ﾠand	 ﾠwith	 ﾠdifferent	 ﾠarm	 ﾠconfiguration	 ﾠ(Hollerbach	 ﾠand	 ﾠFlash,	 ﾠ
1982).	 ﾠChanges	 ﾠin	 ﾠelectromyograph	 ﾠ(EMG)	 ﾠactivity,	 ﾠto	 ﾠadjust	 ﾠmovement,	 ﾠdepending	 ﾠon	 ﾠthese	 ﾠ
torques,	 ﾠare	 ﾠobserved	 ﾠtoo	 ﾠearly	 ﾠto	 ﾠallow	 ﾠfor	 ﾠspinal	 ﾠor	 ﾠsupra-ﾭ‐spinal	 ﾠfeedback,	 ﾠeffecting	 ﾠcorrections	 ﾠof	 ﾠ
the	 ﾠmotor	 ﾠcommand	 ﾠand	 ﾠtherefore	 ﾠindicate	 ﾠthat	 ﾠthese	 ﾠalterations	 ﾠin	 ﾠtorques	 ﾠare	 ﾠcomputed	 ﾠin	 ﾠa	 ﾠ
predictive	 ﾠmanner	 ﾠ(Cordo	 ﾠand	 ﾠNashner,	 ﾠ1982).	 ﾠAfter	 ﾠstroke	 ﾠnormal	 ﾠkinematics	 ﾠof	 ﾠmulti-ﾭ‐joint	 ﾠ
movements	 ﾠare	 ﾠhowever	 ﾠnot	 ﾠpreserved	 ﾠand	 ﾠthe	 ﾠtrajectories	 ﾠand	 ﾠaccuracy	 ﾠof	 ﾠmovements	 ﾠdeteriorate	 ﾠ
(Levin,	 ﾠ1996).	 ﾠ	 ﾠ
Movement	 ﾠimpairments	 ﾠafter	 ﾠstroke	 ﾠresult	 ﾠfrom	 ﾠa	 ﾠcombination	 ﾠof	 ﾠthese	 ﾠand	 ﾠother	 ﾠ
impairments.	 ﾠMeasurements	 ﾠto	 ﾠquantify	 ﾠeach	 ﾠimpairment	 ﾠis	 ﾠimportant,	 ﾠhowever,	 ﾠthe	 ﾠcontributions	 ﾠ
of	 ﾠthe	 ﾠindividual	 ﾠimpairments	 ﾠare	 ﾠdifficult	 ﾠand	 ﾠpossibly	 ﾠimpossible	 ﾠto	 ﾠtease	 ﾠapart	 ﾠbecause	 ﾠthey	 ﾠare	 ﾠ




2.3.  Neuroplasticity	 ﾠ
In	 ﾠanimal	 ﾠmodels	 ﾠit	 ﾠhas	 ﾠnow	 ﾠbeen	 ﾠfirmly	 ﾠestablished	 ﾠthat	 ﾠthe	 ﾠcentral	 ﾠnervous	 ﾠsystem	 ﾠcan	 ﾠ
recover	 ﾠfrom	 ﾠan	 ﾠinsult.	 ﾠThe	 ﾠexact	 ﾠmechanism	 ﾠof	 ﾠrecovery	 ﾠis	 ﾠunclear	 ﾠalthough	 ﾠneuroplasticity	 ﾠthrough	 ﾠ
Hebbian	 ﾠlearning	 ﾠappears	 ﾠthe	 ﾠmost	 ﾠlikely	 ﾠmechanism	 ﾠ(Nudo,	 ﾠ2011).	 ﾠNeuroplasticity	 ﾠis	 ﾠdescribed	 ﾠas	 ﾠa:	 ﾠ
‘Change	 ﾠin	 ﾠstrength	 ﾠof	 ﾠsynaptic	 ﾠconnections	 ﾠin	 ﾠresponse	 ﾠto	 ﾠeither	 ﾠan	 ﾠenvironmental	 ﾠstimulus	 ﾠor	 ﾠan	 ﾠ
alteration	 ﾠin	 ﾠsynaptic	 ﾠactivity	 ﾠin	 ﾠa	 ﾠnetwork’	 ﾠ(Murphy	 ﾠand	 ﾠCorbett,	 ﾠ2009).	 ﾠIn	 ﾠthe	 ﾠacute	 ﾠperiod	 ﾠafter	 ﾠ
neurological	 ﾠinsult,	 ﾠspontaneous	 ﾠrecovery	 ﾠoccurs	 ﾠthrough	 ﾠa	 ﾠcombination	 ﾠof	 ﾠstructural	 ﾠand	 ﾠfunctional	 ﾠ
processes	 ﾠ(Murphy	 ﾠand	 ﾠCorbett,	 ﾠ2009).	 ﾠThe	 ﾠrestoration	 ﾠof	 ﾠoxygen	 ﾠsupply	 ﾠto	 ﾠthe	 ﾠinfarcted	 ﾠarea	 ﾠ
through	 ﾠangiogenesis	 ﾠcan	 ﾠprevent	 ﾠfurther	 ﾠcell	 ﾠdeath	 ﾠin	 ﾠthe	 ﾠpenumbra	 ﾠand	 ﾠreduction	 ﾠof	 ﾠperi-ﾭ‐infarct	 ﾠ
oedema	 ﾠresults	 ﾠin	 ﾠthe	 ﾠresolution	 ﾠof	 ﾠdiaschisis	 ﾠ(Nudo,	 ﾠ2011).	 ﾠInjury	 ﾠtriggered	 ﾠneurogenesis	 ﾠleads	 ﾠto	 ﾠ
homeostatic	 ﾠchanges	 ﾠvia	 ﾠexogenous	 ﾠgrowth	 ﾠpromoting	 ﾠagents	 ﾠand	 ﾠalterations	 ﾠin	 ﾠneurotransmitters	 ﾠ
levels	 ﾠ(Krakauer	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠFurther	 ﾠrecovery	 ﾠis	 ﾠexperience	 ﾠdependent,	 ﾠpartly	 ﾠvia	 ﾠsensory	 ﾠinput	 ﾠor	 ﾠ
through	 ﾠskill	 ﾠacquisition	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠ(Nudo,	 ﾠ2006).	 ﾠ	 ﾠ
Translation	 ﾠof	 ﾠthis	 ﾠknowledge	 ﾠderived	 ﾠfrom	 ﾠanimal	 ﾠstudies	 ﾠto	 ﾠrecovery	 ﾠprocesses	 ﾠof	 ﾠhuman	 ﾠ
stroke	 ﾠsurvivors	 ﾠis	 ﾠincreasing	 ﾠ(Krakauer	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠCarmichael	 ﾠand	 ﾠKrakauer,	 ﾠ2013).	 ﾠEvidence	 ﾠof	 ﾠthe	 ﾠ
exact	 ﾠprocesses	 ﾠthat	 ﾠunderlie	 ﾠrecovery	 ﾠfor	 ﾠdifferent	 ﾠinterventions	 ﾠat	 ﾠvarious	 ﾠtime	 ﾠpoints	 ﾠis	 ﾠhowever	 ﾠ
difficult	 ﾠto	 ﾠestablish	 ﾠ(Buma	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠRecovery	 ﾠof	 ﾠdecreased	 ﾠupper	 ﾠlimb	 ﾠfunction	 ﾠafter	 ﾠa	 ﾠstroke	 ﾠ
involves	 ﾠthe	 ﾠa	 ﾠreacquisition	 ﾠof	 ﾠmovement	 ﾠand	 ﾠhas	 ﾠbeen	 ﾠlikened	 ﾠto	 ﾠa	 ﾠskill	 ﾠlearning	 ﾠprocess	 ﾠ(Kitago	 ﾠand	 ﾠ
Krakauer,	 ﾠ2013).	 ﾠSkill	 ﾠcan	 ﾠbe	 ﾠrelearned	 ﾠby	 ﾠrecovering	 ﾠlost	 ﾠfunction,	 ﾠusing	 ﾠthe	 ﾠsame	 ﾠeffectors	 ﾠto	 ﾠ
perform	 ﾠthe	 ﾠmovement,	 ﾠor	 ﾠby	 ﾠapplying	 ﾠcompensatory	 ﾠstrategies	 ﾠwhere	 ﾠother	 ﾠeffectors	 ﾠor	 ﾠaltered	 ﾠ
movement	 ﾠpatterns	 ﾠare	 ﾠused	 ﾠto	 ﾠachieve	 ﾠthe	 ﾠgoal	 ﾠ(Levin	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠBuma	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠAlthough	 ﾠ
both	 ﾠof	 ﾠthese	 ﾠprocesses	 ﾠrequire	 ﾠsynaptic	 ﾠchange	 ﾠthe	 ﾠformer	 ﾠis	 ﾠthe	 ﾠprime	 ﾠrehabilitation	 ﾠtarget	 ﾠwhen	 ﾠ
attempting	 ﾠto	 ﾠrestore	 ﾠpre-ﾭ‐insult	 ﾠfunctional	 ﾠability.	 ﾠIn	 ﾠanimals	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠdemonstrated	 ﾠthat	 ﾠa	 ﾠperiod	 ﾠ
of	 ﾠheightened	 ﾠplasticity	 ﾠis	 ﾠevident	 ﾠearly	 ﾠafter	 ﾠa	 ﾠneurological	 ﾠinsult,	 ﾠand	 ﾠresult	 ﾠin	 ﾠmost	 ﾠof	 ﾠthe	 ﾠperi-ﾭ‐




holds	 ﾠfor	 ﾠrecovery	 ﾠin	 ﾠhumans	 ﾠbut	 ﾠdirect	 ﾠevidence	 ﾠfor	 ﾠthe	 ﾠsame	 ﾠprocesses	 ﾠand	 ﾠtime-ﾭ‐frames	 ﾠare	 ﾠ
difficult	 ﾠto	 ﾠgather.	 ﾠ	 ﾠ
In	 ﾠanimal	 ﾠmodels	 ﾠtraining	 ﾠresults	 ﾠin	 ﾠsurprisingly	 ﾠfast	 ﾠstructural	 ﾠchanges	 ﾠin	 ﾠneural	 ﾠstructures,	 ﾠ
such	 ﾠas	 ﾠalterations	 ﾠin	 ﾠdendritic	 ﾠbranching,	 ﾠaxonal	 ﾠsprouting,	 ﾠand	 ﾠformation	 ﾠof	 ﾠnew	 ﾠsynaptic	 ﾠ
connections	 ﾠ(Abbott	 ﾠand	 ﾠRegehr,	 ﾠ2004).	 ﾠIn	 ﾠaddition	 ﾠtraining	 ﾠcan	 ﾠresult	 ﾠin	 ﾠextensive	 ﾠremapping	 ﾠof	 ﾠthe	 ﾠ
cortex	 ﾠwhere	 ﾠother	 ﾠareas	 ﾠof	 ﾠthe	 ﾠM1	 ﾠhave	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠtake	 ﾠover	 ﾠthe	 ﾠfunction	 ﾠ(Nudo	 ﾠet	 ﾠal.,	 ﾠ1996).	 ﾠ
The	 ﾠcombination	 ﾠof	 ﾠthese	 ﾠprocesses	 ﾠlead	 ﾠto	 ﾠan	 ﾠimproved	 ﾠability	 ﾠto	 ﾠform	 ﾠand	 ﾠrelay	 ﾠthe	 ﾠmotor	 ﾠ
command	 ﾠto	 ﾠthe	 ﾠmusculature	 ﾠand	 ﾠachieve	 ﾠthe	 ﾠspecific	 ﾠmovement	 ﾠgoal.	 ﾠFactors	 ﾠpromoting	 ﾠthis	 ﾠ
process	 ﾠinclude	 ﾠsufficiently	 ﾠchallenging	 ﾠtasks	 ﾠ(Lotze	 ﾠet	 ﾠal.,	 ﾠ2003),	 ﾠand	 ﾠintensive	 ﾠtraining	 ﾠto	 ﾠincrease	 ﾠ
secretion	 ﾠof	 ﾠbrain	 ﾠderived	 ﾠneurotrophic	 ﾠfactor	 ﾠ(BDNF)	 ﾠ(MacLellan	 ﾠet	 ﾠal.,	 ﾠ2011)	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠ
stimulation	 ﾠprovided	 ﾠby	 ﾠ	 ﾠthe	 ﾠenvironment	 ﾠ(Biernaskie	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠThis	 ﾠrecovery	 ﾠprocess	 ﾠis	 ﾠvery	 ﾠ
promising	 ﾠhowever	 ﾠthe	 ﾠconclusion	 ﾠthat	 ﾠit	 ﾠoccurs	 ﾠin	 ﾠa	 ﾠsimilar	 ﾠfashion	 ﾠand	 ﾠtime-ﾭ‐frame	 ﾠin	 ﾠhumans	 ﾠand	 ﾠ
more	 ﾠrelevantly	 ﾠin	 ﾠan	 ﾠolder	 ﾠpopulation	 ﾠof	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠhas	 ﾠto	 ﾠbe	 ﾠmade	 ﾠwith	 ﾠcare.	 ﾠ	 ﾠ	 ﾠ
When	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠmuscles	 ﾠare	 ﾠweak	 ﾠafter	 ﾠstroke,	 ﾠin	 ﾠaddition	 ﾠto	 ﾠthe	 ﾠrecovery	 ﾠ
mechanisms	 ﾠdescribed	 ﾠabove,	 ﾠother	 ﾠrecovery	 ﾠpathways	 ﾠcan	 ﾠbe	 ﾠrelied	 ﾠupon,	 ﾠas	 ﾠthe	 ﾠinnervation	 ﾠof	 ﾠ
these	 ﾠmuscles	 ﾠdoes	 ﾠnot	 ﾠrely	 ﾠsolely	 ﾠon	 ﾠan	 ﾠintact	 ﾠcorticospinal	 ﾠtract	 ﾠbut	 ﾠalso	 ﾠon	 ﾠbilaterally	 ﾠprojecting	 ﾠ
reticulospinal	 ﾠpathways	 ﾠand	 ﾠthe	 ﾠipsilateral	 ﾠCST	 ﾠ(Schepens	 ﾠand	 ﾠDrew,	 ﾠ2006,	 ﾠLemon,	 ﾠ2008).	 ﾠZaaimi	 ﾠet	 ﾠ
al,	 ﾠdemonstrated	 ﾠincreased	 ﾠresponses	 ﾠin	 ﾠlimb	 ﾠflexors	 ﾠdue	 ﾠto	 ﾠbrain	 ﾠstem	 ﾠstimulation	 ﾠin	 ﾠlesion	 ﾠstudies	 ﾠ
in	 ﾠMacaque	 ﾠmonkeys	 ﾠ(Zaaimi	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠThe	 ﾠeffectiveness	 ﾠof	 ﾠtargeting	 ﾠthis	 ﾠpathway	 ﾠin	 ﾠhuman	 ﾠ
rehabilitation	 ﾠand	 ﾠthe	 ﾠresulting	 ﾠrecovery	 ﾠprocesses	 ﾠhas	 ﾠhowever	 ﾠnot	 ﾠbeen	 ﾠinvestigated.	 ﾠ	 ﾠ
2.4.  Promoting	 ﾠrecovery	 ﾠ	 ﾠ
Rehabilitation	 ﾠof	 ﾠthe	 ﾠupper	 ﾠlimb	 ﾠafter	 ﾠa	 ﾠstroke	 ﾠis	 ﾠaimed	 ﾠat	 ﾠimproving	 ﾠfunctional	 ﾠability	 ﾠin	 ﾠan	 ﾠ
attempt	 ﾠto	 ﾠoptimize	 ﾠquality	 ﾠof	 ﾠlife	 ﾠand	 ﾠindependence.	 ﾠIntensive	 ﾠtherapy	 ﾠespecially	 ﾠin	 ﾠthe	 ﾠacute	 ﾠphase	 ﾠ




Stroke	 ﾠpatients	 ﾠcan	 ﾠre-ﾭ‐acquire	 ﾠmotor	 ﾠskills	 ﾠto	 ﾠsome	 ﾠextent	 ﾠeven	 ﾠmany	 ﾠmonths	 ﾠafter	 ﾠthe	 ﾠ
original	 ﾠinsult	 ﾠvia	 ﾠsimilar	 ﾠmechanisms	 ﾠof	 ﾠmotor	 ﾠlearning	 ﾠas	 ﾠhealthy	 ﾠsubjects	 ﾠaimed	 ﾠto	 ﾠprime	 ﾠexisting	 ﾠ
connections,	 ﾠform	 ﾠnew	 ﾠsynaptic	 ﾠconnections	 ﾠand	 ﾠpromote	 ﾠaxonal	 ﾠgrowth,	 ﾠa	 ﾠprocess	 ﾠknown	 ﾠas	 ﾠ
neuroplasticity	 ﾠ(Di	 ﾠFilippo	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠAlthough	 ﾠdirect	 ﾠevidence	 ﾠof	 ﾠneuroplastic	 ﾠchange	 ﾠin	 ﾠhuman	 ﾠ
subjects	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠascertain,	 ﾠchanges	 ﾠin	 ﾠactivation	 ﾠpatterns	 ﾠon	 ﾠfMRI	 ﾠ(Scholz	 ﾠet	 ﾠal.,	 ﾠ2009)	 ﾠand	 ﾠ
diffusion	 ﾠweighted	 ﾠMRI	 ﾠ(Bosnell	 ﾠet	 ﾠal.,	 ﾠ2011)	 ﾠas	 ﾠwell	 ﾠas	 ﾠTMS	 ﾠconnectivity	 ﾠchanges	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ
2012),	 ﾠare	 ﾠindicative	 ﾠthat	 ﾠneuroplasticity	 ﾠis	 ﾠthe	 ﾠunderlying	 ﾠprocess.	 ﾠ	 ﾠ	 ﾠ
Therapy	 ﾠis	 ﾠbroadly	 ﾠfocussed	 ﾠto	 ﾠeither	 ﾠaddress	 ﾠmotor	 ﾠimpairments,	 ﾠi.e.	 ﾠweakness,	 ﾠmuscle	 ﾠ
length	 ﾠchanges,	 ﾠand	 ﾠmotor	 ﾠcoordination,	 ﾠand	 ﾠsensory	 ﾠre-ﾭ‐education,	 ﾠor,	 ﾠat	 ﾠactivity	 ﾠlevel,	 ﾠnamely	 ﾠtask	 ﾠ
specific	 ﾠpractice.	 ﾠCurrent	 ﾠevidence	 ﾠsupports	 ﾠthe	 ﾠuse	 ﾠof	 ﾠtask-ﾭ‐specific	 ﾠpractice	 ﾠto	 ﾠincrease	 ﾠfunctional	 ﾠ
ability	 ﾠas	 ﾠit	 ﾠhas	 ﾠa	 ﾠstrong	 ﾠevidence	 ﾠbase,	 ﾠspecifically	 ﾠwhen	 ﾠused	 ﾠin	 ﾠthe	 ﾠform	 ﾠof	 ﾠconstraint	 ﾠinduced	 ﾠ
movement	 ﾠtherapy	 ﾠ(CIMT)	 ﾠfocussing	 ﾠon	 ﾠdistal	 ﾠupper	 ﾠlimb	 ﾠrecovery	 ﾠin	 ﾠmildly	 ﾠaffected	 ﾠstroke	 ﾠpatients	 ﾠ
(Lang	 ﾠet	 ﾠal.,	 ﾠ2013,	 ﾠLanghorne	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠHowever	 ﾠa	 ﾠgreat	 ﾠproportion	 ﾠof	 ﾠstroke	 ﾠsurvivors	 ﾠare	 ﾠmore	 ﾠ
severely	 ﾠaffected	 ﾠand	 ﾠare	 ﾠunable	 ﾠto	 ﾠmove	 ﾠtheir	 ﾠwrist	 ﾠor	 ﾠfingers,	 ﾠand	 ﾠpresent	 ﾠwith	 ﾠno	 ﾠfunctional	 ﾠdistal	 ﾠ
movement	 ﾠand	 ﾠproximal	 ﾠweakness	 ﾠ(Royal-ﾭ‐College-ﾭ‐of-ﾭ‐Physicians,	 ﾠ2013).	 ﾠ	 ﾠ	 ﾠ
For	 ﾠtask-ﾭ‐specific	 ﾠpractice,	 ﾠsufficient	 ﾠmuscle	 ﾠactivation	 ﾠneeds	 ﾠto	 ﾠbe	 ﾠpossible	 ﾠto	 ﾠperform	 ﾠthe	 ﾠ
practised	 ﾠtask.	 ﾠIf	 ﾠthe	 ﾠseverity	 ﾠof	 ﾠthe	 ﾠimpairment	 ﾠprevents	 ﾠthe	 ﾠcompletion	 ﾠof	 ﾠa	 ﾠtask,	 ﾠand,	 ﾠfor	 ﾠexample,	 ﾠ
the	 ﾠshoulder	 ﾠflexors	 ﾠare	 ﾠtoo	 ﾠweak	 ﾠto	 ﾠlift	 ﾠthe	 ﾠarm	 ﾠfor	 ﾠa	 ﾠreaching	 ﾠtask,	 ﾠthe	 ﾠtask	 ﾠeither	 ﾠwill	 ﾠbe	 ﾠ
performed	 ﾠusing	 ﾠother	 ﾠbody	 ﾠsegments	 ﾠand	 ﾠpromote	 ﾠcompensatory	 ﾠmovement	 ﾠstrategies	 ﾠ(Corti	 ﾠet	 ﾠ
al.,	 ﾠ2012),	 ﾠor	 ﾠneeds	 ﾠto	 ﾠbe	 ﾠbroken	 ﾠdown	 ﾠinto	 ﾠachievable	 ﾠsub-ﾭ‐sections	 ﾠof	 ﾠthe	 ﾠtask.	 ﾠIf	 ﾠthe	 ﾠtask	 ﾠis	 ﾠbroken	 ﾠ
down	 ﾠimprovements	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠat	 ﾠan	 ﾠimpairment	 ﾠlevel	 ﾠwhich	 ﾠcan	 ﾠlead	 ﾠto	 ﾠa	 ﾠrestoration	 ﾠof	 ﾠ
motor	 ﾠcontrol	 ﾠ(Ada	 ﾠet	 ﾠal.,	 ﾠ2006,	 ﾠCorti	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠTask	 ﾠspecific	 ﾠpractice	 ﾠcan	 ﾠthen	 ﾠbe	 ﾠcommenced	 ﾠ
when	 ﾠthe	 ﾠimpairment	 ﾠis	 ﾠreduced,	 ﾠallowing	 ﾠcompletion	 ﾠof	 ﾠthe	 ﾠtask.	 ﾠIn	 ﾠthis	 ﾠstudy	 ﾠI	 ﾠtrained	 ﾠindividuals	 ﾠ
with	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠweakness	 ﾠto	 ﾠperform	 ﾠsupported	 ﾠreaching	 ﾠmovements,	 ﾠto	 ﾠreduce	 ﾠtask	 ﾠ




2.4.1. Timing	 ﾠof	 ﾠtrials	 ﾠand	 ﾠinterventions	 ﾠ
The	 ﾠoptimal	 ﾠtiming	 ﾠof	 ﾠtherapeutic	 ﾠinterventions	 ﾠin	 ﾠhumans	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠis	 ﾠthought	 ﾠto	 ﾠbe	 ﾠ
within	 ﾠthe	 ﾠfirst	 ﾠ3	 ﾠmonths	 ﾠafter	 ﾠinsult,	 ﾠbased	 ﾠon	 ﾠevidence	 ﾠfrom	 ﾠanimal	 ﾠstudies	 ﾠthat	 ﾠshow	 ﾠa	 ﾠbrief	 ﾠ
window	 ﾠof	 ﾠheightened	 ﾠplasticity	 ﾠbetween	 ﾠroughly	 ﾠ5	 ﾠdays	 ﾠto	 ﾠ3-ﾭ‐4	 ﾠweeks	 ﾠpost	 ﾠinfarct	 ﾠ(Carmichael	 ﾠand	 ﾠ
Krakauer,	 ﾠ2013).	 ﾠIt	 ﾠis	 ﾠgenerally	 ﾠassumed	 ﾠthat	 ﾠstroke	 ﾠpatients	 ﾠalso	 ﾠrecover	 ﾠthrough	 ﾠthis	 ﾠneuroplastic	 ﾠ
process	 ﾠand	 ﾠthat	 ﾠtherapy	 ﾠenhances	 ﾠthis	 ﾠprocess	 ﾠ(Buma	 ﾠet	 ﾠal.,	 ﾠ2013),	 ﾠbut	 ﾠsome	 ﾠresearch	 ﾠgroups	 ﾠ
propose	 ﾠthat	 ﾠvery	 ﾠlittle	 ﾠtrue	 ﾠrecovery	 ﾠoccurs	 ﾠin	 ﾠstroke	 ﾠpatients	 ﾠand	 ﾠthat	 ﾠimprovements	 ﾠin	 ﾠupper	 ﾠlimb	 ﾠ
function	 ﾠare	 ﾠdue	 ﾠto	 ﾠcompensatory	 ﾠstrategies	 ﾠ(Zeiler	 ﾠand	 ﾠKrakauer,	 ﾠ2013).	 ﾠEvidence	 ﾠof	 ﾠa	 ﾠvariety	 ﾠof	 ﾠ
therapeutic	 ﾠinterventions	 ﾠaddressing	 ﾠimpairments	 ﾠargue	 ﾠagainst	 ﾠthis	 ﾠ(Buma	 ﾠet	 ﾠal.,	 ﾠ2013,	 ﾠLanghorne	 ﾠ
et	 ﾠal.,	 ﾠ2014),	 ﾠhowever	 ﾠthe	 ﾠproposition	 ﾠthat	 ﾠrehabilitation	 ﾠin	 ﾠthe	 ﾠacute	 ﾠstage	 ﾠshould	 ﾠbe	 ﾠaimed	 ﾠat	 ﾠ
restoration	 ﾠof	 ﾠnormal	 ﾠfunction	 ﾠby	 ﾠattempting	 ﾠto	 ﾠnormalise	 ﾠactivity	 ﾠwith	 ﾠreliance	 ﾠon	 ﾠthe	 ﾠlesioned	 ﾠ
hemisphere	 ﾠare	 ﾠvalid	 ﾠ(Zeiler	 ﾠand	 ﾠKrakauer,	 ﾠ2013).	 ﾠHowever	 ﾠlimiting	 ﾠchronic	 ﾠinterventions	 ﾠto	 ﾠ
compensatory	 ﾠstrategies	 ﾠto	 ﾠoptimise	 ﾠparticipation	 ﾠ(Zeiler	 ﾠand	 ﾠKrakauer,	 ﾠ2013)	 ﾠwould	 ﾠbe	 ﾠdetrimental	 ﾠ
because	 ﾠimprovements	 ﾠat	 ﾠan	 ﾠimpairment	 ﾠlevel	 ﾠ(Eng,	 ﾠ2004,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2009)	 ﾠas	 ﾠwell	 ﾠas	 ﾠin	 ﾠactivities	 ﾠ
of	 ﾠdaily	 ﾠliving	 ﾠ(Lang	 ﾠet	 ﾠal.,	 ﾠ2013)	 ﾠhave	 ﾠbeen	 ﾠclearly	 ﾠdemonstrated	 ﾠin	 ﾠthis	 ﾠpopulation.	 ﾠHowever,	 ﾠin	 ﾠthis	 ﾠ
phase	 ﾠother	 ﾠfactors	 ﾠbesides	 ﾠneuroplasticity	 ﾠmight	 ﾠcontribute	 ﾠto	 ﾠthe	 ﾠobserved	 ﾠimprovement	 ﾠin	 ﾠ
function.	 ﾠReversal	 ﾠof	 ﾠlearnt	 ﾠdisuse,	 ﾠstrengthening	 ﾠof	 ﾠatrophied	 ﾠmuscles	 ﾠand	 ﾠimproved	 ﾠbiomechanical	 ﾠ
properties	 ﾠof	 ﾠthe	 ﾠmuscle	 ﾠinduced	 ﾠby	 ﾠtraining	 ﾠcould	 ﾠall	 ﾠprovide	 ﾠthe	 ﾠadditional	 ﾠmechanisms	 ﾠto	 ﾠplastic	 ﾠ
changes	 ﾠinduced	 ﾠin	 ﾠthe	 ﾠneural	 ﾠsystem	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠ
The	 ﾠpoint	 ﾠat	 ﾠwhich	 ﾠtherapy	 ﾠshould	 ﾠbe	 ﾠterminated	 ﾠis	 ﾠequally	 ﾠunclear.	 ﾠAfter	 ﾠstroke	 ﾠit	 ﾠis	 ﾠoften	 ﾠ
recommended	 ﾠthat	 ﾠtherapy	 ﾠshould	 ﾠfinish	 ﾠwhen	 ﾠpatients	 ﾠreach	 ﾠa	 ﾠplateau	 ﾠand	 ﾠfail	 ﾠto	 ﾠrespond	 ﾠto	 ﾠ
rehabilitation.	 ﾠHowever,	 ﾠthis	 ﾠmay	 ﾠbe	 ﾠpartly	 ﾠthe	 ﾠresult	 ﾠof	 ﾠadaptation	 ﾠto	 ﾠa	 ﾠtherapy	 ﾠprogramme,	 ﾠas	 ﾠseen	 ﾠ
in	 ﾠhealthy	 ﾠsubjects	 ﾠperforming	 ﾠan	 ﾠexercise	 ﾠregime	 ﾠover	 ﾠtime.	 ﾠFurther	 ﾠimprovements	 ﾠmay	 ﾠbe	 ﾠ




As	 ﾠrecovery	 ﾠis	 ﾠthe	 ﾠgreatest	 ﾠearly	 ﾠafter	 ﾠa	 ﾠstroke	 ﾠit	 ﾠcan	 ﾠbe	 ﾠdifficult	 ﾠin	 ﾠthis	 ﾠperiod	 ﾠto	 ﾠclearly	 ﾠ
demonstrate	 ﾠif	 ﾠimprovements	 ﾠafter	 ﾠa	 ﾠtherapeutic	 ﾠintervention	 ﾠin	 ﾠhumans	 ﾠare	 ﾠdue	 ﾠto	 ﾠspontaneous	 ﾠ
recovery	 ﾠor	 ﾠif	 ﾠthey	 ﾠare	 ﾠexperience	 ﾠdependent	 ﾠ(van	 ﾠKordelaar	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠTherefore	 ﾠrehabilitation	 ﾠ
trials	 ﾠare	 ﾠfrequently	 ﾠperformed	 ﾠin	 ﾠthe	 ﾠchronic	 ﾠperiod	 ﾠ(Stinear	 ﾠet	 ﾠal.,	 ﾠ2013)	 ﾠwhen	 ﾠa	 ﾠplateau	 ﾠof	 ﾠ
functional	 ﾠability	 ﾠcan	 ﾠbe	 ﾠassumed.	 ﾠ	 ﾠ
2.4.2. Impairment	 ﾠbased	 ﾠtherapy	 ﾠ	 ﾠ
It	 ﾠis	 ﾠintuitive	 ﾠthat	 ﾠthe	 ﾠseverity	 ﾠof	 ﾠimpairment	 ﾠand	 ﾠfunctional	 ﾠability	 ﾠshould	 ﾠbe	 ﾠrelated.	 ﾠ
However	 ﾠevidence	 ﾠthat	 ﾠimpairment	 ﾠfocussed	 ﾠintervention	 ﾠenhances	 ﾠneurological	 ﾠfunction	 ﾠin	 ﾠ
individuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠis	 ﾠstill	 ﾠnot	 ﾠvery	 ﾠstrong	 ﾠ(Langhorne	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ
The	 ﾠlong	 ﾠheld	 ﾠbelief	 ﾠthat	 ﾠstrengthening	 ﾠand	 ﾠhigh	 ﾠintensity	 ﾠtraining	 ﾠincreases	 ﾠspasticity	 ﾠ(Bobath,	 ﾠ
1979)	 ﾠin	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠhas	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠbe	 ﾠunfounded.	 ﾠIt	 ﾠis	 ﾠnow	 ﾠclear	 ﾠthat	 ﾠ
strengthening	 ﾠinterventions	 ﾠincrease	 ﾠmuscle	 ﾠstrength	 ﾠand	 ﾠimprove	 ﾠactivity	 ﾠafter	 ﾠstroke	 ﾠ(Carr	 ﾠand	 ﾠ
Shepherd,	 ﾠ1983,	 ﾠAda	 ﾠet	 ﾠal.,	 ﾠ2006,	 ﾠHarris	 ﾠand	 ﾠEng,	 ﾠ2010,	 ﾠPatten	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠStrengthening	 ﾠtraining	 ﾠ
can	 ﾠlead	 ﾠto	 ﾠmore	 ﾠrestoration	 ﾠof	 ﾠmovement	 ﾠpatterns	 ﾠ(Corti	 ﾠet	 ﾠal.,	 ﾠ2012),	 ﾠand	 ﾠadditional	 ﾠ
improvements	 ﾠmay	 ﾠbecome	 ﾠevident	 ﾠas	 ﾠincreased	 ﾠmuscle	 ﾠpower	 ﾠenables	 ﾠincorporation	 ﾠof	 ﾠthe	 ﾠupper	 ﾠ
limb	 ﾠinto	 ﾠfunction	 ﾠand	 ﾠthereby	 ﾠincrease	 ﾠactivity	 ﾠand	 ﾠstrength	 ﾠfurther.	 ﾠAdditionally,	 ﾠretained	 ﾠ
improvements	 ﾠin	 ﾠbiceps	 ﾠbrachii	 ﾠstretch	 ﾠreflex	 ﾠmodulation	 ﾠhave	 ﾠbeen	 ﾠreported	 ﾠafter	 ﾠintensive	 ﾠtraining	 ﾠ
programmes	 ﾠ(Schmit	 ﾠet	 ﾠal.,	 ﾠ2000).	 ﾠ
	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠstrength	 ﾠtraining	 ﾠon	 ﾠthe	 ﾠunderlying	 ﾠimpairment	 ﾠand	 ﾠon	 ﾠfunctional	 ﾠrecovery	 ﾠdoes	 ﾠ
however	 ﾠdiffer	 ﾠin	 ﾠthe	 ﾠrecovery	 ﾠphases.	 ﾠIn	 ﾠthe	 ﾠacute	 ﾠperiod	 ﾠfollowing	 ﾠa	 ﾠstroke	 ﾠreduced	 ﾠforce	 ﾠ
production	 ﾠis	 ﾠdue	 ﾠto	 ﾠa	 ﾠloss	 ﾠof	 ﾠdescending	 ﾠinput	 ﾠto	 ﾠthe	 ﾠspinal	 ﾠmotor	 ﾠneuron.	 ﾠ	 ﾠHowever	 ﾠin	 ﾠlater	 ﾠphases	 ﾠ
longstanding	 ﾠalterations	 ﾠin	 ﾠactivation	 ﾠpatterns,	 ﾠa	 ﾠreduction	 ﾠof	 ﾠthe	 ﾠcross-ﾭ‐sectional	 ﾠmuscle	 ﾠbulk	 ﾠdue	 ﾠto	 ﾠ




The	 ﾠexact	 ﾠmechanism	 ﾠof	 ﾠimprovements	 ﾠof	 ﾠperformance	 ﾠafter	 ﾠstrength	 ﾠtraining,	 ﾠare	 ﾠstill	 ﾠnot	 ﾠ
completely	 ﾠunderstood	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠEvidence	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠindicate	 ﾠthat	 ﾠtraining	 ﾠ
can	 ﾠalter	 ﾠcortical	 ﾠexcitability,	 ﾠnot	 ﾠonly	 ﾠby	 ﾠincreased	 ﾠit	 ﾠbut	 ﾠalso	 ﾠby	 ﾠa	 ﾠreduction	 ﾠof	 ﾠcortical	 ﾠinhibition	 ﾠ
and	 ﾠincreased	 ﾠefficiency	 ﾠof	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠpresumably	 ﾠby	 ﾠan	 ﾠimproved	 ﾠmotor	 ﾠcommand	 ﾠ
(Carroll	 ﾠet	 ﾠal.,	 ﾠ2002).	 ﾠ	 ﾠA	 ﾠsimilar	 ﾠmechanism	 ﾠis	 ﾠpresumed	 ﾠto	 ﾠbe	 ﾠunderlying	 ﾠthe	 ﾠchanges	 ﾠin	 ﾠperformance	 ﾠ
observed	 ﾠin	 ﾠthe	 ﾠacute	 ﾠstages	 ﾠafter	 ﾠstroke	 ﾠ(Wagner	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠIn	 ﾠthe	 ﾠchronic	 ﾠphase	 ﾠstrengthening,	 ﾠ
in	 ﾠaddition	 ﾠto	 ﾠneuroplasticity,	 ﾠa	 ﾠcore	 ﾠdriver	 ﾠof	 ﾠlearning,	 ﾠpresent	 ﾠat	 ﾠall	 ﾠtimes	 ﾠin	 ﾠhealth	 ﾠand	 ﾠdisease,	 ﾠ
leads	 ﾠto	 ﾠstructural	 ﾠand	 ﾠphysiological	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠdisused	 ﾠmuscle,	 ﾠimproving	 ﾠfiring	 ﾠpatterns	 ﾠand	 ﾠ
muscle	 ﾠmetabolism	 ﾠ(Wagner	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2009)	 ﾠsimilar	 ﾠto	 ﾠchanges	 ﾠobserved	 ﾠin	 ﾠhealthy	 ﾠ
individuals	 ﾠafter	 ﾠtraining	 ﾠ	 ﾠ(Carroll	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ
Neural	 ﾠcontributions	 ﾠto	 ﾠhypertonia,	 ﾠcaused	 ﾠby	 ﾠan	 ﾠincrease	 ﾠin	 ﾠstretch	 ﾠreflex	 ﾠevoked	 ﾠmuscle	 ﾠ
activity	 ﾠ(spasticity),	 ﾠare	 ﾠamenable	 ﾠto	 ﾠpharmacological	 ﾠinterventions	 ﾠ(Bakheit,	 ﾠ2012).	 ﾠMaintenance	 ﾠ
and	 ﾠrestoration	 ﾠof	 ﾠmuscle	 ﾠlength	 ﾠand	 ﾠmuscle	 ﾠcompliance	 ﾠis	 ﾠvital	 ﾠin	 ﾠthe	 ﾠmanagement	 ﾠof	 ﾠhypertonia	 ﾠas	 ﾠ
well	 ﾠas	 ﾠin	 ﾠpeople	 ﾠwith	 ﾠmuscle	 ﾠweakness	 ﾠwho	 ﾠare	 ﾠunable	 ﾠto	 ﾠvoluntarily	 ﾠmove	 ﾠtheir	 ﾠjoints	 ﾠthrough	 ﾠfull	 ﾠ
range.	 ﾠPhysical	 ﾠinterventions	 ﾠfor	 ﾠhypertonia	 ﾠfocus	 ﾠon	 ﾠthe	 ﾠnon-ﾭ‐neural	 ﾠcontributions	 ﾠto	 ﾠtone,	 ﾠresulting	 ﾠ
from	 ﾠan	 ﾠincrease	 ﾠin	 ﾠthe	 ﾠresistance	 ﾠoffered	 ﾠby	 ﾠthe	 ﾠintramuscular	 ﾠand	 ﾠperi-ﾭ‐articular	 ﾠconnective	 ﾠtissue	 ﾠ
and	 ﾠinclude	 ﾠstretching	 ﾠand	 ﾠsplinting	 ﾠtechniques	 ﾠ(Pandyan	 ﾠet	 ﾠal.,	 ﾠ2005).	 ﾠAlthough	 ﾠlimited	 ﾠevidence	 ﾠis	 ﾠ
available	 ﾠof	 ﾠthe	 ﾠeffectiveness	 ﾠthis	 ﾠis	 ﾠnormally	 ﾠdone	 ﾠusing	 ﾠa	 ﾠvariety	 ﾠof	 ﾠtechniques	 ﾠincluding	 ﾠactive	 ﾠand	 ﾠ
passive	 ﾠstretches,	 ﾠcasting	 ﾠand	 ﾠorthoses	 ﾠ(Katalinic	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠ	 ﾠ
	 ﾠ Increasing	 ﾠthe	 ﾠfocus	 ﾠof	 ﾠrehabilitation	 ﾠprogrammes	 ﾠon	 ﾠimpairment	 ﾠpromotes	 ﾠrestoration	 ﾠof	 ﾠ
movement	 ﾠpatterns	 ﾠbut	 ﾠthe	 ﾠnecessary	 ﾠcomponents	 ﾠfor	 ﾠoptimal	 ﾠpractise	 ﾠare	 ﾠstill	 ﾠnot	 ﾠclear.	 ﾠInclusion	 ﾠ
of	 ﾠmotor	 ﾠlearning	 ﾠprinciples	 ﾠin	 ﾠthese	 ﾠprogrammes	 ﾠis	 ﾠhowever	 ﾠa	 ﾠpromising	 ﾠdevelopment.	 ﾠ
2.4.3. Motor	 ﾠlearning	 ﾠ
The	 ﾠmechanism	 ﾠof	 ﾠmotor	 ﾠlearning,	 ﾠor	 ﾠoperant	 ﾠconditioning	 ﾠcan	 ﾠbe	 ﾠdefined	 ﾠby	 ﾠThorndike’s	 ﾠLaw	 ﾠof	 ﾠ




followed	 ﾠby	 ﾠsatisfaction	 ﾠto	 ﾠthe	 ﾠanimal	 ﾠwill,	 ﾠother	 ﾠthings	 ﾠbeing	 ﾠequal,	 ﾠbe	 ﾠmore	 ﾠfirmly	 ﾠconnected	 ﾠwith	 ﾠ
the	 ﾠsituation,	 ﾠso	 ﾠthat,	 ﾠwhen	 ﾠit	 ﾠrecurs,	 ﾠthey	 ﾠwill	 ﾠbe	 ﾠmore	 ﾠlikely	 ﾠto	 ﾠrecur;	 ﾠthose	 ﾠwhich	 ﾠare	 ﾠaccompanied	 ﾠ
or	 ﾠclosely	 ﾠfollowed	 ﾠby	 ﾠdiscomfort	 ﾠto	 ﾠthe	 ﾠanimal	 ﾠwill,	 ﾠother	 ﾠthings	 ﾠbeing	 ﾠequal,	 ﾠhave	 ﾠtheir	 ﾠconnections	 ﾠ
with	 ﾠthat	 ﾠsituation	 ﾠweakened,	 ﾠso	 ﾠthat,	 ﾠwhen	 ﾠit	 ﾠrecurs,	 ﾠthey	 ﾠwill	 ﾠbe	 ﾠless	 ﾠlikely	 ﾠto	 ﾠoccur.	 ﾠThe	 ﾠgreater	 ﾠthe	 ﾠ
satisfaction	 ﾠor	 ﾠdiscomfort,	 ﾠthe	 ﾠgreater	 ﾠthe	 ﾠstrengthening	 ﾠor	 ﾠweakening	 ﾠof	 ﾠthe	 ﾠbond.’	 ﾠ(Thorndike,	 ﾠ
1911).	 ﾠ
Motor	 ﾠrecovery	 ﾠafter	 ﾠa	 ﾠneurological	 ﾠinsult	 ﾠis	 ﾠbelieved	 ﾠto	 ﾠbe	 ﾠa	 ﾠlearning	 ﾠprocess	 ﾠin	 ﾠwhich	 ﾠ
individuals	 ﾠaim	 ﾠto	 ﾠimprove	 ﾠtheir	 ﾠperformance	 ﾠat	 ﾠa	 ﾠgiven	 ﾠtask,	 ﾠleading	 ﾠto	 ﾠthe	 ﾠacquisition	 ﾠof	 ﾠincreased	 ﾠ
skill	 ﾠat	 ﾠa	 ﾠmotor	 ﾠtask.	 ﾠMazzoni	 ﾠet	 ﾠal,	 ﾠsuggested	 ﾠthat	 ﾠmovement	 ﾠskill	 ﾠcan	 ﾠbe	 ﾠdetected	 ﾠin	 ﾠimprovements	 ﾠ
in	 ﾠthe	 ﾠspeed-ﾭ‐accuracy	 ﾠrelationship	 ﾠof	 ﾠskilful	 ﾠmovements	 ﾠ(Fitts,	 ﾠ1954).	 ﾠStudies	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠ
indicate	 ﾠthat	 ﾠtraining	 ﾠallows	 ﾠa	 ﾠshift	 ﾠin	 ﾠthis	 ﾠtrade-ﾭ‐off	 ﾠso	 ﾠthat	 ﾠmore	 ﾠaccurate,	 ﾠefficient	 ﾠmovements	 ﾠcan	 ﾠ
be	 ﾠperformed	 ﾠat	 ﾠa	 ﾠgreater	 ﾠvelocity	 ﾠ(Reis	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠShmuelof	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ	 ﾠ
	 ﾠBecoming	 ﾠskilful	 ﾠat	 ﾠmovement	 ﾠfurther	 ﾠresults	 ﾠin	 ﾠa	 ﾠreduction	 ﾠin	 ﾠspatial	 ﾠand	 ﾠtemporal	 ﾠvariability	 ﾠof	 ﾠ
reaching	 ﾠmovements	 ﾠafter	 ﾠrepetition	 ﾠand	 ﾠlearning	 ﾠ(Georgopoulos	 ﾠet	 ﾠal.,	 ﾠ1981,	 ﾠVerstynen	 ﾠand	 ﾠSabes,	 ﾠ
2011).	 ﾠ	 ﾠ
Through	 ﾠa	 ﾠcombination	 ﾠof	 ﾠevidence	 ﾠgained	 ﾠin	 ﾠhealthy	 ﾠindividuals,	 ﾠstroke	 ﾠpatients	 ﾠand	 ﾠanimals	 ﾠ
studies	 ﾠit	 ﾠis	 ﾠclear	 ﾠthat	 ﾠthe	 ﾠtraining	 ﾠstructure	 ﾠof	 ﾠtherapy	 ﾠprotocols,	 ﾠincluding	 ﾠmotor	 ﾠlearning	 ﾠconcepts,	 ﾠ
are	 ﾠvery	 ﾠimportant	 ﾠ(Kantak	 ﾠet	 ﾠal.,	 ﾠ2010,	 ﾠSchmidt	 ﾠand	 ﾠLee,	 ﾠ2011)	 ﾠand	 ﾠmovement	 ﾠrepetition	 ﾠis	 ﾠcentral	 ﾠ
to	 ﾠachieving	 ﾠlearning	 ﾠ(Langhorne	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠMacLellan	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠAdditionally	 ﾠthe	 ﾠchallenge	 ﾠof	 ﾠ
the	 ﾠtask	 ﾠ(Lotze	 ﾠet	 ﾠal.,	 ﾠ2003,	 ﾠKrakauer	 ﾠet	 ﾠal.,	 ﾠ2005),	 ﾠthe	 ﾠenvironment	 ﾠin	 ﾠwhich	 ﾠtherapy	 ﾠis	 ﾠdelivered	 ﾠ
(Janssen	 ﾠet	 ﾠal.,	 ﾠ2014),	 ﾠdistribution	 ﾠof	 ﾠtraining	 ﾠ(Kantak	 ﾠet	 ﾠal.,	 ﾠ2010)	 ﾠand	 ﾠthe	 ﾠstructure	 ﾠof	 ﾠfeedback	 ﾠof	 ﾠ
results	 ﾠ(Cirstea	 ﾠet	 ﾠal.,	 ﾠ2006,	 ﾠSubramanian	 ﾠet	 ﾠal.,	 ﾠ2010)	 ﾠall	 ﾠinfluence	 ﾠlearning	 ﾠ.	 ﾠPractice	 ﾠintensity	 ﾠfound	 ﾠ
to	 ﾠbe	 ﾠeffective	 ﾠfor	 ﾠacquisition	 ﾠof	 ﾠa	 ﾠmotor	 ﾠskill	 ﾠin	 ﾠanimal	 ﾠstudies	 ﾠ(Georgopoulos	 ﾠet	 ﾠal.,	 ﾠ1981,	 ﾠNudo	 ﾠet	 ﾠ
al.,	 ﾠ1996)	 ﾠis	 ﾠhowever	 ﾠseldom	 ﾠachieved	 ﾠin	 ﾠclinical	 ﾠpractice.	 ﾠObservational	 ﾠstudies	 ﾠof	 ﾠstroke	 ﾠ




lower	 ﾠ(Lang	 ﾠet	 ﾠal.,	 ﾠ2009)	 ﾠthan	 ﾠthe	 ﾠ400	 ﾠrepetitions	 ﾠwhich	 ﾠwere	 ﾠfound	 ﾠto	 ﾠbe	 ﾠeffective	 ﾠin	 ﾠanimal	 ﾠstudies	 ﾠ
(Nudo	 ﾠet	 ﾠal.,	 ﾠ1996,	 ﾠMacLellan	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠAs	 ﾠthe	 ﾠimportance	 ﾠof	 ﾠincreased	 ﾠintensity	 ﾠof	 ﾠtraining	 ﾠhas	 ﾠ
been	 ﾠrecognized	 ﾠa	 ﾠnumber	 ﾠof	 ﾠupper	 ﾠlimb	 ﾠresearch	 ﾠstudies	 ﾠreport	 ﾠhigh	 ﾠrepetition	 ﾠtraining	 ﾠbut	 ﾠeven	 ﾠin	 ﾠ
these	 ﾠtrials	 ﾠreaching	 ﾠmovements	 ﾠinvolved	 ﾠonly	 ﾠ60-ﾭ‐120	 ﾠreaches	 ﾠper	 ﾠsession	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠDuff	 ﾠ
et	 ﾠal.,	 ﾠ2013,	 ﾠSubramanian	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠ	 ﾠIt	 ﾠhas	 ﾠhowever	 ﾠbeen	 ﾠshown	 ﾠin	 ﾠa	 ﾠproof	 ﾠof	 ﾠprinciple	 ﾠstudies	 ﾠ
that	 ﾠ400	 ﾠmovement	 ﾠrepetitions	 ﾠare	 ﾠachievable	 ﾠin	 ﾠstroke	 ﾠpatients	 ﾠ(Birkenmeier	 ﾠet	 ﾠal.,	 ﾠ2010,	 ﾠMilot	 ﾠet	 ﾠ
al.,	 ﾠ2014).	 ﾠ
In	 ﾠa	 ﾠliterature	 ﾠreview	 ﾠit	 ﾠwas	 ﾠfound	 ﾠthat	 ﾠon	 ﾠan	 ﾠaverage	 ﾠstroke	 ﾠpatients	 ﾠspend	 ﾠonly	 ﾠ4.2	 ﾠminutes	 ﾠa	 ﾠ
day	 ﾠon	 ﾠupper	 ﾠlimb	 ﾠrehabilitation	 ﾠduring	 ﾠtheir	 ﾠacute	 ﾠinpatient	 ﾠstay	 ﾠ(Hayward	 ﾠand	 ﾠBrauer,	 ﾠ2014).	 ﾠIn	 ﾠthe	 ﾠ
acute	 ﾠstage,	 ﾠrehabilitation	 ﾠemphasis	 ﾠis	 ﾠplaced	 ﾠon	 ﾠindependent	 ﾠmobilisation	 ﾠto	 ﾠfacilitate	 ﾠdischarge,	 ﾠ
and	 ﾠthe	 ﾠwindow	 ﾠof	 ﾠheightened	 ﾠplasticity,	 ﾠpresumed	 ﾠto	 ﾠbe	 ﾠsimilar	 ﾠin	 ﾠhuman	 ﾠas	 ﾠin	 ﾠanimals,	 ﾠ	 ﾠ
(Carmichael	 ﾠand	 ﾠKrakauer,	 ﾠ2013),	 ﾠto	 ﾠpromote	 ﾠneuroplastic	 ﾠrecovery	 ﾠof	 ﾠthe	 ﾠupper	 ﾠlimb	 ﾠmight	 ﾠbe	 ﾠ
missed.	 ﾠThis	 ﾠcould	 ﾠresult	 ﾠin	 ﾠupper	 ﾠlimb	 ﾠmovements	 ﾠbeing	 ﾠperformed	 ﾠwith	 ﾠa	 ﾠreliance	 ﾠon	 ﾠ
compensatory	 ﾠstrategies	 ﾠto	 ﾠachieve	 ﾠtasks	 ﾠof	 ﾠdaily	 ﾠliving	 ﾠ(Levin	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠKrakauer	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ
Motor	 ﾠlearning	 ﾠoccurs	 ﾠover	 ﾠa	 ﾠperiod	 ﾠof	 ﾠtime	 ﾠand	 ﾠtime	 ﾠscales.	 ﾠThe	 ﾠimprovement	 ﾠcan	 ﾠbe	 ﾠobserved	 ﾠ
during	 ﾠthe	 ﾠlearning	 ﾠperiod	 ﾠ(on-ﾭ‐line)	 ﾠor	 ﾠfurther	 ﾠimprovements	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠafter	 ﾠthe	 ﾠtraining	 ﾠ(off-ﾭ‐line)	 ﾠ
(Schmidt	 ﾠand	 ﾠLee,	 ﾠ2011).	 ﾠThese	 ﾠoffline	 ﾠgains	 ﾠare	 ﾠprobably	 ﾠdue	 ﾠto	 ﾠconsolidation	 ﾠof	 ﾠthe	 ﾠnewly	 ﾠacquired	 ﾠ
ability,	 ﾠa	 ﾠstabilization	 ﾠof	 ﾠthe	 ﾠmotor	 ﾠmemory,	 ﾠwhich	 ﾠmakes	 ﾠit	 ﾠresistant	 ﾠto	 ﾠinterference	 ﾠby	 ﾠsubsequent	 ﾠ
similar	 ﾠstimuli	 ﾠ(Krakauer,	 ﾠ2006,	 ﾠLin	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠ	 ﾠ
2.4.4. Types	 ﾠof	 ﾠmotor	 ﾠlearning	 ﾠ	 ﾠ
Proposed	 ﾠlearning	 ﾠmechanism	 ﾠcan	 ﾠbe	 ﾠdivided	 ﾠinto	 ﾠtwo	 ﾠcategories,	 ﾠmodel-ﾭ‐based	 ﾠand	 ﾠmodel-ﾭ‐free	 ﾠ
approaches	 ﾠ(Huang	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠModel-ﾭ‐based	 ﾠlearning	 ﾠis	 ﾠbased	 ﾠon	 ﾠsubconscious	 ﾠchanges	 ﾠof	 ﾠthe	 ﾠ
forward	 ﾠmodel	 ﾠby	 ﾠsensory	 ﾠprediction	 ﾠerror;	 ﾠthe	 ﾠcerebellum	 ﾠis	 ﾠa	 ﾠvital	 ﾠcontributor	 ﾠin	 ﾠthis	 ﾠprocess	 ﾠ
(Galea	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠIn	 ﾠcontrast	 ﾠmodel-ﾭ‐free	 ﾠlearning	 ﾠrequires	 ﾠtrial	 ﾠand	 ﾠerror	 ﾠexploration	 ﾠas	 ﾠdescribed	 ﾠ




A	 ﾠvariety	 ﾠof	 ﾠlearning	 ﾠparadigms	 ﾠare	 ﾠused	 ﾠto	 ﾠinvestigate	 ﾠmotor	 ﾠlearning	 ﾠin	 ﾠhealthy	 ﾠindividuals.	 ﾠ
Model-ﾭ‐based	 ﾠadaptation	 ﾠparadigms	 ﾠinvestigate	 ﾠmovement	 ﾠchanges	 ﾠwhen	 ﾠeither	 ﾠfeedback	 ﾠof	 ﾠ
performance	 ﾠ(visuo-ﾭ‐motor	 ﾠlearning)	 ﾠor	 ﾠmotor	 ﾠperformance	 ﾠ(force-ﾭ‐field	 ﾠlearning)	 ﾠis	 ﾠmanipulated	 ﾠand	 ﾠ
result	 ﾠin	 ﾠa	 ﾠmovement	 ﾠerror	 ﾠ(Krakauer	 ﾠand	 ﾠMazzoni,	 ﾠ2011).	 ﾠTo	 ﾠreduce	 ﾠthe	 ﾠerror	 ﾠsignal	 ﾠencountered	 ﾠ
due	 ﾠto	 ﾠthis	 ﾠmanipulation,	 ﾠindividuals	 ﾠalter	 ﾠtheir	 ﾠperformance	 ﾠto	 ﾠreturn	 ﾠto	 ﾠan	 ﾠerror	 ﾠfree	 ﾠstate,	 ﾠfor	 ﾠ
example	 ﾠwhen	 ﾠusing	 ﾠa	 ﾠcomputer	 ﾠmouse	 ﾠwith	 ﾠan	 ﾠaltered	 ﾠgain.	 ﾠThe	 ﾠamount	 ﾠof	 ﾠadaptation	 ﾠ(motor	 ﾠ
learning),	 ﾠachieved	 ﾠis	 ﾠmeasured	 ﾠby	 ﾠthe	 ﾠsize	 ﾠof	 ﾠthe	 ﾠafter-ﾭ‐effect	 ﾠseen	 ﾠwhen	 ﾠthe	 ﾠmanipulation	 ﾠof	 ﾠthe	 ﾠ
feedback	 ﾠor	 ﾠmovement	 ﾠis	 ﾠremoved.	 ﾠThis	 ﾠafter	 ﾠeffect	 ﾠquickly	 ﾠwashes	 ﾠout.	 ﾠ	 ﾠ
Although	 ﾠthe	 ﾠfindings	 ﾠin	 ﾠthese	 ﾠmodel-ﾭ‐based	 ﾠparadigms	 ﾠadd	 ﾠvaluable	 ﾠinformation	 ﾠabout	 ﾠmotor	 ﾠ
learning	 ﾠmechanisms	 ﾠthey	 ﾠdescribe	 ﾠquite	 ﾠa	 ﾠdifferent	 ﾠlearning	 ﾠprocess	 ﾠthan	 ﾠthe	 ﾠchallenge	 ﾠof	 ﾠ
reacquiring	 ﾠa	 ﾠmovement	 ﾠskill	 ﾠafter	 ﾠa	 ﾠneurological	 ﾠevent	 ﾠlike	 ﾠa	 ﾠstroke	 ﾠ(Krakauer	 ﾠand	 ﾠMazzoni,	 ﾠ2011).	 ﾠ
In	 ﾠthese	 ﾠcircumstances,	 ﾠin	 ﾠcontrast	 ﾠto	 ﾠadaptation,	 ﾠmotor	 ﾠskill	 ﾠrequires	 ﾠlearning	 ﾠa	 ﾠnew	 ﾠmodel-ﾭ‐free	 ﾠ
movement	 ﾠand	 ﾠthen	 ﾠrepetition	 ﾠto	 ﾠproduce	 ﾠgreater	 ﾠefficiency	 ﾠin	 ﾠits	 ﾠperformance	 ﾠ(Shmuelof	 ﾠet	 ﾠal.,	 ﾠ
2012).	 ﾠUse-ﾭ‐dependent	 ﾠlearning	 ﾠis	 ﾠmodel-ﾭ‐free	 ﾠand	 ﾠrepetition	 ﾠof	 ﾠa	 ﾠspecific	 ﾠmovement	 ﾠalters	 ﾠthe	 ﾠ
habitual	 ﾠpreference	 ﾠand	 ﾠa	 ﾠbias	 ﾠemerges	 ﾠwhich	 ﾠattracts	 ﾠconsecutive	 ﾠmovements	 ﾠto	 ﾠa	 ﾠsimilar	 ﾠ
movement	 ﾠpattern	 ﾠ(Diedrichsen	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠThis	 ﾠcan	 ﾠbe	 ﾠobserved	 ﾠas	 ﾠa	 ﾠspatial	 ﾠconvergence	 ﾠonto	 ﾠthe	 ﾠ
practised	 ﾠpath	 ﾠ(Diedrichsen	 ﾠet	 ﾠal.,	 ﾠ2010,	 ﾠHuang	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠVerstynen	 ﾠand	 ﾠSabes,	 ﾠ2011)	 ﾠor	 ﾠas	 ﾠa	 ﾠ
preference	 ﾠto	 ﾠmove	 ﾠat	 ﾠa	 ﾠpractised	 ﾠmovement	 ﾠspeed	 ﾠ(Hammerbeck	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ	 ﾠ
2.5.  Generalisation	 ﾠto	 ﾠother	 ﾠtask	 ﾠdemands	 ﾠ
Generalisation	 ﾠor	 ﾠtransfer	 ﾠof	 ﾠperformance	 ﾠis	 ﾠthe	 ﾠability	 ﾠto	 ﾠapply	 ﾠimprovements	 ﾠof	 ﾠtask	 ﾠ
performance	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠto	 ﾠsimilar	 ﾠnovel	 ﾠbehaviours	 ﾠ(Poggio	 ﾠand	 ﾠBizzi,	 ﾠ2004,	 ﾠCensor,	 ﾠ2013).	 ﾠIn	 ﾠ
rehabilitation,	 ﾠgeneralisation	 ﾠis	 ﾠof	 ﾠgreat	 ﾠinterest	 ﾠbecause	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠinterventions	 ﾠis	 ﾠ
measured	 ﾠas	 ﾠan	 ﾠability	 ﾠto	 ﾠcarry	 ﾠover	 ﾠthe	 ﾠimprovement	 ﾠachieved	 ﾠduring	 ﾠtraining	 ﾠon	 ﾠa	 ﾠspecific	 ﾠtool	 ﾠto	 ﾠ
improvements	 ﾠin	 ﾠclinical	 ﾠscales	 ﾠand	 ﾠultimately	 ﾠto	 ﾠactivities	 ﾠof	 ﾠlife.	 ﾠ	 ﾠGeneralisation	 ﾠhas	 ﾠbeen	 ﾠobserved	 ﾠ




for	 ﾠreaching	 ﾠmovements	 ﾠfrom	 ﾠholding	 ﾠa	 ﾠrobot	 ﾠarm	 ﾠto	 ﾠunsupported	 ﾠreaches	 ﾠ(Kluzik	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠ
Unsurprisingly,	 ﾠgeneralisation	 ﾠis	 ﾠgreater	 ﾠwhen	 ﾠscaling	 ﾠto	 ﾠsmaller	 ﾠbut	 ﾠnot	 ﾠlarger	 ﾠthan	 ﾠpractised	 ﾠ
parameters	 ﾠ(Mattar	 ﾠand	 ﾠOstry,	 ﾠ2010)	 ﾠand	 ﾠdoes	 ﾠnot	 ﾠtransfer	 ﾠwell	 ﾠto	 ﾠgreater	 ﾠcomplexity	 ﾠof	 ﾠmovement	 ﾠ
(Wulf	 ﾠand	 ﾠShea,	 ﾠ2002,	 ﾠKantak	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠEvidence	 ﾠinvestigating	 ﾠthis	 ﾠkind	 ﾠof	 ﾠgeneralisation	 ﾠin	 ﾠstroke	 ﾠ
survivors	 ﾠis	 ﾠvery	 ﾠlimited.	 ﾠ
Another	 ﾠinterest	 ﾠin	 ﾠrehabilitation	 ﾠis	 ﾠthe	 ﾠability	 ﾠto	 ﾠimprove	 ﾠperformance	 ﾠfor	 ﾠa	 ﾠmovement	 ﾠto	 ﾠ
different	 ﾠlocations	 ﾠin	 ﾠspace	 ﾠthat	 ﾠrequires	 ﾠa	 ﾠsimilar	 ﾠbut	 ﾠnot	 ﾠidentical	 ﾠmuscle	 ﾠsubset	 ﾠas	 ﾠthe	 ﾠtrained	 ﾠ
movement.	 ﾠHere	 ﾠactivity	 ﾠpatterns	 ﾠof	 ﾠmuscle	 ﾠsubsets,	 ﾠand	 ﾠtherefore	 ﾠneuronal	 ﾠensembles,	 ﾠhave	 ﾠto	 ﾠbe	 ﾠ
scaled	 ﾠand	 ﾠweighted	 ﾠdifferently	 ﾠin	 ﾠintrinsic	 ﾠmuscle	 ﾠand	 ﾠjoint	 ﾠmovement	 ﾠconfigurations	 ﾠ(Churchland	 ﾠ
et	 ﾠal.,	 ﾠ2012).	 ﾠMost	 ﾠof	 ﾠthe	 ﾠwork	 ﾠinvestigating	 ﾠthis	 ﾠhas	 ﾠbeen	 ﾠperformed	 ﾠin	 ﾠadaptation	 ﾠparadigms	 ﾠin	 ﾠ
healthy	 ﾠindividuals.	 ﾠWhen	 ﾠfeedback	 ﾠof	 ﾠthe	 ﾠtrajectory	 ﾠwas	 ﾠprovided	 ﾠduring	 ﾠthe	 ﾠreaching	 ﾠmovement,	 ﾠ
generalisation	 ﾠwas	 ﾠonly	 ﾠobserved	 ﾠwhen	 ﾠthe	 ﾠtarget	 ﾠlocation	 ﾠwas	 ﾠrelatively	 ﾠsimilar,	 ﾠand	 ﾠrequired	 ﾠa	 ﾠ
similar	 ﾠtrajectory	 ﾠ(Thoroughman	 ﾠand	 ﾠShadmehr,	 ﾠ2000).	 ﾠIf	 ﾠhowever	 ﾠfeedback	 ﾠonly	 ﾠconsisted	 ﾠof	 ﾠthe	 ﾠ
endpoint	 ﾠof	 ﾠthe	 ﾠmovement,	 ﾠthe	 ﾠlearned	 ﾠbehaviour	 ﾠdid	 ﾠgeneralise	 ﾠbroadly	 ﾠto	 ﾠother	 ﾠlocations	 ﾠin	 ﾠspace	 ﾠ
(Malfait	 ﾠet	 ﾠal.,	 ﾠ2002).	 ﾠ
Movement	 ﾠdifficulty	 ﾠand	 ﾠjoint	 ﾠtorques	 ﾠare	 ﾠinfluenced	 ﾠby	 ﾠmovement	 ﾠspeed	 ﾠ(Moran	 ﾠand	 ﾠ
Schwartz,	 ﾠ1999,	 ﾠSukal-ﾭ‐Moulton	 ﾠet	 ﾠal.,	 ﾠ2014),	 ﾠwhich	 ﾠposes	 ﾠthe	 ﾠquestion	 ﾠif	 ﾠnewly	 ﾠacquired	 ﾠskill	 ﾠcould	 ﾠ
be	 ﾠperformed	 ﾠat	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeed?	 ﾠInterestingly	 ﾠgeneralisation	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠ
movement	 ﾠspeeds	 ﾠhas	 ﾠbeen	 ﾠfound	 ﾠto	 ﾠbe	 ﾠbroad	 ﾠwhen	 ﾠperforming	 ﾠskilful	 ﾠwrist	 ﾠrotations	 ﾠ(Shmuelof	 ﾠet	 ﾠ
al.,	 ﾠ2012).	 ﾠThe	 ﾠinteraction	 ﾠtorques	 ﾠduring	 ﾠreaching	 ﾠmovements	 ﾠare	 ﾠhowever	 ﾠmuch	 ﾠgreater	 ﾠ(Beer	 ﾠet	 ﾠ
al.,	 ﾠ2000)	 ﾠand	 ﾠgeneralisation	 ﾠto	 ﾠother	 ﾠmovement	 ﾠspeeds	 ﾠhas	 ﾠonly	 ﾠbeen	 ﾠinvestigated	 ﾠin	 ﾠadaptation	 ﾠ
paradigms.	 ﾠIn	 ﾠthis	 ﾠstudy	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠgeneralisation	 ﾠwas	 ﾠscaled	 ﾠto	 ﾠthe	 ﾠforce	 ﾠof	 ﾠthe	 ﾠ
perturbation	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠspeed	 ﾠ(Goodbody	 ﾠand	 ﾠWolpert,	 ﾠ1998).	 ﾠ
The	 ﾠstructure	 ﾠof	 ﾠthe	 ﾠlearning	 ﾠprocess	 ﾠis	 ﾠlikely	 ﾠto	 ﾠbe	 ﾠcrucial	 ﾠin	 ﾠdetermining	 ﾠif	 ﾠthe	 ﾠimprovement	 ﾠ




or	 ﾠsynaptic	 ﾠensemble	 ﾠbut	 ﾠon	 ﾠthe	 ﾠuse	 ﾠof	 ﾠmuscle	 ﾠsubsets	 ﾠduring	 ﾠthe	 ﾠmotor	 ﾠlearning	 ﾠprocess.	 ﾠBy	 ﾠ
adjusting	 ﾠthe	 ﾠweighting	 ﾠof	 ﾠthese	 ﾠsubsets	 ﾠto	 ﾠaltered	 ﾠtask	 ﾠdemands	 ﾠthe	 ﾠlearned	 ﾠbehaviour	 ﾠcan	 ﾠbe	 ﾠ
applied	 ﾠto	 ﾠnovel	 ﾠsituations	 ﾠ(Poggio	 ﾠand	 ﾠBizzi,	 ﾠ2004).	 ﾠGeneralisation	 ﾠof	 ﾠlearning	 ﾠvaries	 ﾠgreatly	 ﾠ
depending	 ﾠon	 ﾠthe	 ﾠlearning	 ﾠparadigm,	 ﾠand	 ﾠthe	 ﾠpattern	 ﾠof	 ﾠgeneralisation	 ﾠcan	 ﾠprovide	 ﾠinsights	 ﾠinto	 ﾠthe	 ﾠ
learning	 ﾠmechanism	 ﾠ(Shadmehr,	 ﾠ2004).	 ﾠOther	 ﾠfactors	 ﾠinfluencing	 ﾠthe	 ﾠamount	 ﾠof	 ﾠgeneralisation	 ﾠ
observed	 ﾠare	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠdegrees	 ﾠof	 ﾠfreedom	 ﾠ(DOF)	 ﾠthat	 ﾠare	 ﾠnot	 ﾠfixed	 ﾠduring	 ﾠthe	 ﾠacquisition	 ﾠof	 ﾠ
skill.	 ﾠFor	 ﾠexample,	 ﾠwhen	 ﾠreaching	 ﾠto	 ﾠa	 ﾠtarget	 ﾠwith	 ﾠlimited	 ﾠDOF	 ﾠ(i.e.	 ﾠelbow	 ﾠand	 ﾠshoulder	 ﾠflexion	 ﾠand	 ﾠ
extension)	 ﾠwhile	 ﾠholding	 ﾠonto	 ﾠa	 ﾠmanipulandum	 ﾠvs.	 ﾠreaching	 ﾠunconstraint	 ﾠto	 ﾠpoint	 ﾠat	 ﾠthe	 ﾠtarget	 ﾠwith	 ﾠ
a	 ﾠfinger,	 ﾠthe	 ﾠincreased	 ﾠredundancy	 ﾠduring	 ﾠthe	 ﾠacquisition	 ﾠphase	 ﾠprovides	 ﾠthe	 ﾠadaptability	 ﾠneeded	 ﾠfor	 ﾠ
generalisation	 ﾠto	 ﾠaltered	 ﾠdemands	 ﾠ(Yang	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠPark	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠSmaller	 ﾠtrial-ﾭ‐by-ﾭ‐trial	 ﾠerrors,	 ﾠ
and	 ﾠthereby	 ﾠa	 ﾠmore	 ﾠconsistent	 ﾠmovement	 ﾠpattern	 ﾠduring	 ﾠthe	 ﾠacquisition	 ﾠof	 ﾠa	 ﾠskill,	 ﾠhas	 ﾠbeen	 ﾠshown	 ﾠ
to	 ﾠbe	 ﾠconducive	 ﾠto	 ﾠgeneralisation	 ﾠ(Kluzik	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠ
2.6.  Predictors	 ﾠof	 ﾠrecovery	 ﾠ
Recovery	 ﾠpatterns	 ﾠafter	 ﾠstroke	 ﾠare	 ﾠunderstandably	 ﾠvariable	 ﾠdue	 ﾠto	 ﾠthe	 ﾠnature	 ﾠof	 ﾠthe	 ﾠdisease.	 ﾠ
Previous	 ﾠstudies	 ﾠhave	 ﾠestablished	 ﾠthat	 ﾠthe	 ﾠseverity	 ﾠof	 ﾠhemiparesis	 ﾠis	 ﾠthe	 ﾠbest	 ﾠpredictor	 ﾠof	 ﾠrecovery	 ﾠ
(Kwakkel	 ﾠet	 ﾠal.,	 ﾠ1996),	 ﾠbut	 ﾠstill	 ﾠgreat	 ﾠvariability	 ﾠremains.	 ﾠWith	 ﾠgreater	 ﾠknowledge	 ﾠabout	 ﾠeach	 ﾠ
individuals’	 ﾠrecovery	 ﾠpotential,	 ﾠpatients	 ﾠcould	 ﾠbe	 ﾠstratified	 ﾠin	 ﾠclinical	 ﾠtrials	 ﾠand	 ﾠin	 ﾠclinical	 ﾠpractice	 ﾠto	 ﾠ
receive	 ﾠthe	 ﾠtherapy,	 ﾠmost	 ﾠlikely	 ﾠto	 ﾠoptimise	 ﾠrehabilitation	 ﾠpotential	 ﾠ(Cramer,	 ﾠ2010,	 ﾠCarmichael	 ﾠand	 ﾠ
Krakauer,	 ﾠ2013).	 ﾠ
	 ﾠThe	 ﾠfunctional	 ﾠability	 ﾠof	 ﾠindividuals	 ﾠin	 ﾠthe	 ﾠacute	 ﾠstage	 ﾠcan	 ﾠhowever	 ﾠpredict	 ﾠrecovery	 ﾠvery	 ﾠ
well	 ﾠ(Prabhakaran	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠFurther	 ﾠprognostic	 ﾠstudies,	 ﾠinvestigating	 ﾠupper	 ﾠlimb	 ﾠrecovery	 ﾠin	 ﾠ
human	 ﾠstroke	 ﾠsurvivors,	 ﾠhave	 ﾠbeen	 ﾠable	 ﾠto	 ﾠpredict	 ﾠoutcome	 ﾠat	 ﾠ3	 ﾠand	 ﾠ6	 ﾠmonths	 ﾠvery	 ﾠreliably	 ﾠ(Stinear,	 ﾠ
2010,	 ﾠStinear	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠThe	 ﾠpresence	 ﾠof	 ﾠwrist	 ﾠand	 ﾠfinger	 ﾠmovements	 ﾠas	 ﾠwell	 ﾠas	 ﾠintact	 ﾠ
corticospinal	 ﾠconnections,	 ﾠestablished	 ﾠwith	 ﾠtranscranial	 ﾠmagnetic	 ﾠstimulation	 ﾠ(TMS),	 ﾠindicate	 ﾠa	 ﾠgood	 ﾠ




indicator	 ﾠof	 ﾠrecovery	 ﾠpotential	 ﾠthan	 ﾠlesion	 ﾠextent	 ﾠ(Ward	 ﾠet	 ﾠal.,	 ﾠ2007)	 ﾠor	 ﾠlesion	 ﾠsite	 ﾠ(Swayne	 ﾠet	 ﾠal.,	 ﾠ
2008).	 ﾠ
	 ﾠLongitudinal	 ﾠfMRI	 ﾠstudies	 ﾠhave	 ﾠdemonstrated	 ﾠthat	 ﾠnormal	 ﾠactivation	 ﾠpatterns	 ﾠof	 ﾠthe	 ﾠstroke	 ﾠ
hemisphere,	 ﾠwhen	 ﾠmoving	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠpredict	 ﾠthe	 ﾠbest	 ﾠrecovery.	 ﾠExtensive	 ﾠactivation	 ﾠof	 ﾠ
the	 ﾠnon-ﾭ‐affected	 ﾠhemisphere	 ﾠduring	 ﾠthese	 ﾠmovements	 ﾠpredict	 ﾠpoor	 ﾠrecovery	 ﾠof	 ﾠfunctional	 ﾠhand	 ﾠ
movement	 ﾠ(Ward	 ﾠet	 ﾠal.,	 ﾠ2003).	 ﾠ	 ﾠThere	 ﾠappears	 ﾠto	 ﾠbe	 ﾠa	 ﾠhierarchical	 ﾠfunctional	 ﾠarchitecture	 ﾠin	 ﾠwhich	 ﾠ
the	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠdamaged	 ﾠmotor	 ﾠcortex	 ﾠis	 ﾠpreferentially	 ﾠsubstituted	 ﾠby	 ﾠthe	 ﾠipsilesional	 ﾠpre-ﾭ‐motor	 ﾠ
cortex,	 ﾠand	 ﾠthen	 ﾠby	 ﾠthe	 ﾠcontralesional	 ﾠpremotor	 ﾠcortex	 ﾠ(Johansen-ﾭ‐Berg	 ﾠet	 ﾠal.,	 ﾠ2002,	 ﾠSwayne	 ﾠet	 ﾠal.,	 ﾠ
2008).	 ﾠRecently,	 ﾠthis	 ﾠover-ﾭ‐activity	 ﾠin	 ﾠthe	 ﾠnon-ﾭ‐affected	 ﾠhemisphere	 ﾠhas	 ﾠbeen	 ﾠreceiving	 ﾠgreater	 ﾠ
attention,	 ﾠto	 ﾠinvestigate	 ﾠif	 ﾠthis	 ﾠre-ﾭ‐organisation	 ﾠof	 ﾠmotor	 ﾠpathways	 ﾠis	 ﾠfunctionally	 ﾠrelevant.	 ﾠIt	 ﾠis	 ﾠ
thought	 ﾠthat	 ﾠafter	 ﾠmore	 ﾠsevere	 ﾠlesions,	 ﾠwhen	 ﾠthe	 ﾠCST	 ﾠintegrity	 ﾠis	 ﾠcompromised,	 ﾠreliance	 ﾠon	 ﾠbilateral	 ﾠ
RST	 ﾠby	 ﾠthe	 ﾠnon-ﾭ‐affected	 ﾠhemisphere	 ﾠis	 ﾠup-ﾭ‐regulated	 ﾠ(Lemon,	 ﾠ2008)	 ﾠfor	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠ
limb	 ﾠas	 ﾠhas	 ﾠbeen	 ﾠobserved	 ﾠin	 ﾠanimal	 ﾠstudies	 ﾠ(Bradnam	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠFisher	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠZaaimi	 ﾠet	 ﾠal.,	 ﾠ
2012).	 ﾠThe	 ﾠreticulo-ﾭ‐spinal	 ﾠtract	 ﾠis	 ﾠhowever	 ﾠnot	 ﾠas	 ﾠspecialized	 ﾠand	 ﾠconverges	 ﾠon	 ﾠmultiple	 ﾠlevels	 ﾠin	 ﾠthe	 ﾠ
spinal	 ﾠcord,	 ﾠconnecting	 ﾠwith	 ﾠmultiple	 ﾠmotor	 ﾠneuron	 ﾠpools	 ﾠ(Matsuyama	 ﾠet	 ﾠal.,	 ﾠ1997).	 ﾠTherefore	 ﾠ
recovery	 ﾠreliant	 ﾠon	 ﾠthis	 ﾠtract	 ﾠcould	 ﾠresults	 ﾠin	 ﾠless	 ﾠrefined	 ﾠmovement	 ﾠpatterns	 ﾠand	 ﾠresultant	 ﾠmass-ﾭ‐
activation.	 ﾠThis	 ﾠmeachanism	 ﾠcould	 ﾠexplain	 ﾠthe	 ﾠlimited	 ﾠimprovement	 ﾠin	 ﾠfine	 ﾠhand	 ﾠmovement	 ﾠ
observed	 ﾠby	 ﾠWard	 ﾠet	 ﾠal,	 ﾠ(2003).	 ﾠThe	 ﾠreticulospinal	 ﾠtract	 ﾠhas	 ﾠhowever	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠbe	 ﾠable	 ﾠto	 ﾠassist	 ﾠ
in	 ﾠmore	 ﾠgross	 ﾠmovement	 ﾠpatterns,	 ﾠlike	 ﾠreaching	 ﾠin	 ﾠanimal	 ﾠstudies	 ﾠ(Schepens	 ﾠand	 ﾠDrew,	 ﾠ2004,	 ﾠ2006).	 ﾠ
Another	 ﾠpossible	 ﾠpathway	 ﾠto	 ﾠmediate	 ﾠmuscle	 ﾠactivity	 ﾠin	 ﾠupper	 ﾠlimb	 ﾠreaching	 ﾠmovements,	 ﾠis	 ﾠthe	 ﾠC3/4	 ﾠ
propriospinal	 ﾠpathway	 ﾠwith	 ﾠdivergent	 ﾠinnervation	 ﾠacross	 ﾠjoint	 ﾠlevels	 ﾠ(Roberts	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠ
The	 ﾠpresence	 ﾠand	 ﾠeffectiveness	 ﾠof	 ﾠthese	 ﾠdifferent	 ﾠconnections	 ﾠcan	 ﾠbe	 ﾠstudied	 ﾠusing	 ﾠsingle	 ﾠ
pulse	 ﾠTMS	 ﾠof	 ﾠthe	 ﾠmotor	 ﾠcortex	 ﾠof	 ﾠeach	 ﾠhemisphere	 ﾠ(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠIn	 ﾠ
stroke,	 ﾠmore	 ﾠseverely	 ﾠaffected	 ﾠindividuals	 ﾠdemonstrate	 ﾠa	 ﾠgreater	 ﾠreliance	 ﾠon	 ﾠipsilateral	 ﾠprojections	 ﾠ




stronger	 ﾠthan	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠ(Turton	 ﾠet	 ﾠal.,	 ﾠ1996,	 ﾠAlagona	 ﾠet	 ﾠal.,	 ﾠ2001),	 ﾠsuggesting	 ﾠthat	 ﾠ
recovery	 ﾠmay	 ﾠpromote	 ﾠrecruitment	 ﾠof	 ﾠthese	 ﾠconnections	 ﾠin	 ﾠorder	 ﾠto	 ﾠoptimise	 ﾠfunction.	 ﾠCortical	 ﾠ
inputs	 ﾠfrom	 ﾠthe	 ﾠnon-ﾭ‐stroke	 ﾠhemisphere	 ﾠare	 ﾠalso	 ﾠimportant	 ﾠfor	 ﾠrecovery	 ﾠof	 ﾠswallowing	 ﾠfunction	 ﾠin	 ﾠ
dysphagic	 ﾠpatients	 ﾠafter	 ﾠstroke.	 ﾠTMS	 ﾠstudies	 ﾠhave	 ﾠshown	 ﾠthat	 ﾠpharyngeal	 ﾠand	 ﾠupper	 ﾠoesophageal	 ﾠ
muscles	 ﾠreceive	 ﾠa	 ﾠbilateral	 ﾠinnervation	 ﾠfrom	 ﾠmotor	 ﾠcortex.	 ﾠFollowing	 ﾠstroke,	 ﾠrecovery	 ﾠfrom	 ﾠ
dysphagia	 ﾠdepends	 ﾠon	 ﾠincreased	 ﾠexcitability	 ﾠin	 ﾠthe	 ﾠpathway	 ﾠfrom	 ﾠthe	 ﾠnon-ﾭ‐stroke	 ﾠhemisphere	 ﾠ
(Jayasekeran	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠThere	 ﾠmight	 ﾠbe	 ﾠpotential	 ﾠto	 ﾠexploit	 ﾠthis	 ﾠpathway	 ﾠin	 ﾠstroke	 ﾠpatients	 ﾠwith	 ﾠ
proximal	 ﾠweakness	 ﾠto	 ﾠimprove	 ﾠarm	 ﾠcontrol	 ﾠ(Bradnam	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠ
2.7.  Assessing	 ﾠcortical	 ﾠconnectivity ﾠ
Transcranial	 ﾠmagnetic	 ﾠstimulation	 ﾠ(TMS)	 ﾠis	 ﾠa	 ﾠnon-ﾭ‐invasive	 ﾠtechnique	 ﾠto	 ﾠmeasure	 ﾠspecific	 ﾠ
brain	 ﾠcircuitry.	 ﾠIt	 ﾠuses	 ﾠelectromagnetic	 ﾠinduction	 ﾠto	 ﾠgenerate	 ﾠa	 ﾠweak	 ﾠelectric	 ﾠcurrent,	 ﾠat	 ﾠa	 ﾠright	 ﾠangle,	 ﾠ
in	 ﾠthe	 ﾠunderlying	 ﾠtissue.	 ﾠWhen	 ﾠthe	 ﾠstimulation	 ﾠis	 ﾠadministered	 ﾠover	 ﾠthe	 ﾠprimary	 ﾠmotor	 ﾠarea	 ﾠ(M1)	 ﾠof	 ﾠ
the	 ﾠscalp,	 ﾠthe	 ﾠunderlying	 ﾠneurons	 ﾠare	 ﾠdepolarised	 ﾠand	 ﾠan	 ﾠaction	 ﾠpotential	 ﾠis	 ﾠdischarged.	 ﾠWith	 ﾠ
sufficient	 ﾠsummation	 ﾠof	 ﾠmultiple	 ﾠmotor	 ﾠneurons,	 ﾠa	 ﾠmotor	 ﾠevoked	 ﾠpotential	 ﾠ(MEP)	 ﾠcan	 ﾠbe	 ﾠdetected	 ﾠ
and	 ﾠmeasured	 ﾠby	 ﾠelectromyography	 ﾠ(EMG)	 ﾠof	 ﾠthe	 ﾠrepresentative	 ﾠunderlying	 ﾠmuscle	 ﾠ(Day	 ﾠet	 ﾠal.,	 ﾠ
1989).	 ﾠ
This	 ﾠprocedure	 ﾠis	 ﾠparticularly	 ﾠwell	 ﾠestablished	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠfor	 ﾠdistal	 ﾠupper	 ﾠlimb	 ﾠ
muscles	 ﾠwhich	 ﾠhave	 ﾠlarge	 ﾠcortical	 ﾠrepresentational	 ﾠareas	 ﾠ(Rothwell	 ﾠet	 ﾠal.,	 ﾠ1987).	 ﾠIt	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠ
performed	 ﾠin	 ﾠstroke	 ﾠpatients	 ﾠto	 ﾠassess	 ﾠthe	 ﾠintegrity	 ﾠof	 ﾠdescending	 ﾠpathways	 ﾠby	 ﾠstimulating	 ﾠthe	 ﾠ
affected	 ﾠand	 ﾠunaffected	 ﾠcortex.	 ﾠConnectivity	 ﾠto	 ﾠthe	 ﾠhemiparetic	 ﾠlimb	 ﾠcan	 ﾠbe	 ﾠestablished	 ﾠvia	 ﾠboth	 ﾠ
direct	 ﾠCST	 ﾠand	 ﾠindirect	 ﾠpathways	 ﾠ(Lemon,	 ﾠ2008).	 ﾠ	 ﾠContralateral	 ﾠresponses	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠ
hemisphere	 ﾠafter	 ﾠstroke	 ﾠare	 ﾠsmaller	 ﾠdue	 ﾠto	 ﾠinterruptions	 ﾠin	 ﾠcorticospinal	 ﾠdrive.	 ﾠThe	 ﾠemergence	 ﾠof	 ﾠ
ipsilateral	 ﾠresponses	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠwas	 ﾠthought	 ﾠto	 ﾠbe	 ﾠan	 ﾠindication	 ﾠof	 ﾠdirect	 ﾠ
connections	 ﾠbut	 ﾠthis	 ﾠhas	 ﾠnow	 ﾠbeen	 ﾠlargely	 ﾠrefuted	 ﾠ(Palmer	 ﾠet	 ﾠal.,	 ﾠ1992).	 ﾠThese	 ﾠconnections	 ﾠcould	 ﾠbe	 ﾠ




importance	 ﾠof	 ﾠthis	 ﾠtract	 ﾠin	 ﾠrecovery.	 ﾠ	 ﾠThe	 ﾠimportance	 ﾠof	 ﾠthis	 ﾠtract	 ﾠto	 ﾠmotor	 ﾠfunction	 ﾠhas	 ﾠbeen	 ﾠ
demonstrated	 ﾠby	 ﾠimpaired	 ﾠfunction	 ﾠin	 ﾠmore	 ﾠseverely	 ﾠindividuals	 ﾠafter	 ﾠcathodal	 ﾠtranscranial	 ﾠdirect	 ﾠ
current	 ﾠstimulation	 ﾠ(tDCS)	 ﾠto	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ(Bradnam	 ﾠet	 ﾠal.,	 ﾠ2011)	 ﾠhowever,	 ﾠBarker	 ﾠet	 ﾠ
al,	 ﾠfound	 ﾠthat	 ﾠthese	 ﾠpathways	 ﾠdid	 ﾠnot	 ﾠcontribute	 ﾠto	 ﾠrecovery	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠTo	 ﾠinvestigate	 ﾠ
connections	 ﾠto	 ﾠproximal	 ﾠlimb	 ﾠmuscles	 ﾠin	 ﾠstroke	 ﾠpatients	 ﾠ(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠBradnam	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠ
Barker	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠmuscles	 ﾠneed	 ﾠto	 ﾠbe	 ﾠpre-ﾭ‐activated	 ﾠ(Alagona	 ﾠet	 ﾠal.,	 ﾠ2001,	 ﾠBawa	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠ
MacKinnon	 ﾠet	 ﾠal.,	 ﾠ2004)	 ﾠand	 ﾠstimulus	 ﾠintensities	 ﾠneed	 ﾠto	 ﾠbe	 ﾠincreased	 ﾠ(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠThe	 ﾠ
contribution	 ﾠof	 ﾠthe	 ﾠtwo	 ﾠhemispheres	 ﾠto	 ﾠmovement,	 ﾠor	 ﾠMEPs,	 ﾠcan	 ﾠbe	 ﾠexpressed	 ﾠas	 ﾠa	 ﾠlaterality	 ﾠindex	 ﾠ
(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠ
2.8.  Movement	 ﾠspeed	 ﾠ
After	 ﾠneurological	 ﾠdisease	 ﾠ(Mazzoni	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠDeJong	 ﾠet	 ﾠal.,	 ﾠ2011),	 ﾠalso	 ﾠin	 ﾠhealthy	 ﾠageing	 ﾠ
(Gill	 ﾠet	 ﾠal.,	 ﾠ1997),	 ﾠmovements	 ﾠtend	 ﾠto	 ﾠbe	 ﾠslower.	 ﾠRehabilitation	 ﾠparadigms	 ﾠtargeted	 ﾠat	 ﾠimproving	 ﾠ
proximal	 ﾠupper	 ﾠlimb	 ﾠmovements	 ﾠafter	 ﾠa	 ﾠneurological	 ﾠinsult	 ﾠare	 ﾠnot	 ﾠspecifically	 ﾠdesigned	 ﾠto	 ﾠalter	 ﾠor	 ﾠ
increase	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠthereby	 ﾠpotentially	 ﾠreinforce	 ﾠthe	 ﾠslowness	 ﾠof	 ﾠmovement.	 ﾠFast	 ﾠ
movements	 ﾠare	 ﾠavoided	 ﾠin	 ﾠrehabilitation	 ﾠprobably	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠvelocity	 ﾠdependence	 ﾠof	 ﾠspasticity	 ﾠ
(as	 ﾠhighlighted	 ﾠin	 ﾠChapter	 ﾠ2.1,(Pandyan	 ﾠet	 ﾠal.,	 ﾠ2005),	 ﾠwith	 ﾠpotential	 ﾠdeleterious	 ﾠeffects	 ﾠon	 ﾠmovement	 ﾠ
quality	 ﾠ(Bobath,	 ﾠ1990)	 ﾠand	 ﾠmovement	 ﾠcontrol	 ﾠ(Graham,	 ﾠ2013).	 ﾠHowever	 ﾠit	 ﾠhas	 ﾠalso	 ﾠbeen	 ﾠreported	 ﾠ
that	 ﾠvery	 ﾠslow	 ﾠmovements	 ﾠare	 ﾠdifficult	 ﾠfor	 ﾠstroke	 ﾠsubjects,	 ﾠand	 ﾠresult	 ﾠin	 ﾠincreased	 ﾠjerk	 ﾠand	 ﾠless	 ﾠ
symmetry	 ﾠin	 ﾠthe	 ﾠvelocity	 ﾠprofiles	 ﾠ(DeJong	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠIn	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠsubstantial	 ﾠmuscle	 ﾠ
weakness,	 ﾠfaster	 ﾠmovements	 ﾠcan	 ﾠbe	 ﾠeasier	 ﾠto	 ﾠinitiate	 ﾠand	 ﾠmaintain	 ﾠby	 ﾠthe	 ﾠuse	 ﾠof	 ﾠmass	 ﾠactivation	 ﾠ
patterns	 ﾠ(DeJong	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ
Scales	 ﾠused	 ﾠin	 ﾠclinical	 ﾠtrials	 ﾠare	 ﾠoften	 ﾠnot	 ﾠsensitive	 ﾠenough	 ﾠto	 ﾠdetect	 ﾠchange	 ﾠinduced	 ﾠby	 ﾠ
training	 ﾠ(Buma	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠThis	 ﾠstudy	 ﾠproposes	 ﾠa	 ﾠnew	 ﾠapproach	 ﾠto	 ﾠdescribe	 ﾠthe	 ﾠchanges	 ﾠin	 ﾠmotor	 ﾠ
control	 ﾠthat	 ﾠaccount	 ﾠfor	 ﾠtherapeutic	 ﾠgains	 ﾠ(Mazzoni	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠOther	 ﾠauthors	 ﾠhave	 ﾠquantified	 ﾠ




movement,	 ﾠcurvature	 ﾠof	 ﾠmovement	 ﾠetc.	 ﾠ(e.g.	 ﾠ(Caimmi	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠAll	 ﾠof	 ﾠthese	 ﾠare	 ﾠvalid	 ﾠmeasures	 ﾠ
but	 ﾠare	 ﾠgenerally	 ﾠinter-ﾭ‐related.	 ﾠThis	 ﾠstudy	 ﾠintroduces	 ﾠa	 ﾠnew	 ﾠmethod	 ﾠfor	 ﾠquantifying	 ﾠskill	 ﾠlearning,	 ﾠ
and	 ﾠuses	 ﾠthis	 ﾠto	 ﾠtest	 ﾠthe	 ﾠeffectiveness	 ﾠand	 ﾠgeneralisation	 ﾠof	 ﾠtwo	 ﾠtraining	 ﾠprotocols.	 ﾠThe	 ﾠmethod	 ﾠ
stems	 ﾠfrom	 ﾠFitts’	 ﾠ(Fitts,	 ﾠ1954)	 ﾠobservation	 ﾠthat	 ﾠthere	 ﾠis	 ﾠa	 ﾠtrade-ﾭ‐off	 ﾠrelationship	 ﾠbetween	 ﾠspeed	 ﾠand	 ﾠ
accuracy	 ﾠduring	 ﾠskilled	 ﾠmovement.	 ﾠ
This	 ﾠmeasure	 ﾠof	 ﾠperformance	 ﾠcan	 ﾠbe	 ﾠadapted	 ﾠto	 ﾠa	 ﾠwide	 ﾠvariety	 ﾠof	 ﾠtasks.	 ﾠSkill	 ﾠlearning	 ﾠin	 ﾠthis	 ﾠ
scheme	 ﾠis	 ﾠrepresented	 ﾠby	 ﾠa	 ﾠshift	 ﾠin	 ﾠthe	 ﾠrelationship	 ﾠsuch	 ﾠthat	 ﾠas	 ﾠskilful	 ﾠperformance	 ﾠimproves,	 ﾠ
movements	 ﾠof	 ﾠa	 ﾠgiven	 ﾠaccuracy	 ﾠcan	 ﾠbe	 ﾠmade	 ﾠat	 ﾠa	 ﾠhigher	 ﾠvelocity,	 ﾠor	 ﾠmovements	 ﾠat	 ﾠa	 ﾠgiven	 ﾠvelocity	 ﾠ
can	 ﾠbe	 ﾠperformed	 ﾠwith	 ﾠgreater	 ﾠaccuracy.	 ﾠThis	 ﾠcan	 ﾠbe	 ﾠquantified	 ﾠusing	 ﾠa	 ﾠsimple	 ﾠmathematical	 ﾠ
manipulation	 ﾠinto	 ﾠa	 ﾠskill	 ﾠlearning	 ﾠparameter	 ﾠwhich	 ﾠReis	 ﾠet	 ﾠal,	 ﾠ(Reis	 ﾠet	 ﾠal.,	 ﾠ2009)	 ﾠhave	 ﾠshown	 ﾠcan	 ﾠ
reliably	 ﾠdetect	 ﾠchanges	 ﾠin	 ﾠmovement	 ﾠperformance	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠin	 ﾠhealthy	 ﾠsubjects.	 ﾠSuch	 ﾠ
quantification	 ﾠhas	 ﾠan	 ﾠimportant	 ﾠsecondary	 ﾠbenefit.	 ﾠIt	 ﾠhelps	 ﾠus	 ﾠto	 ﾠstandardise	 ﾠthe	 ﾠphysical	 ﾠtraining	 ﾠby	 ﾠ
telling	 ﾠus	 ﾠthe	 ﾠaverage	 ﾠmovement	 ﾠspeed	 ﾠat	 ﾠwhich	 ﾠan	 ﾠindividual	 ﾠcan	 ﾠmake	 ﾠa	 ﾠmovement	 ﾠof	 ﾠgiven	 ﾠ
accuracy.	 ﾠTraining	 ﾠcan	 ﾠthen	 ﾠbe	 ﾠformalised	 ﾠby	 ﾠchallenging	 ﾠsubjects	 ﾠto	 ﾠperform	 ﾠmovements	 ﾠat	 ﾠthe	 ﾠ
same	 ﾠspeed	 ﾠbut	 ﾠwith	 ﾠgreater	 ﾠaccuracy	 ﾠthan	 ﾠtheir	 ﾠspeed-ﾭ‐accuracy	 ﾠcurve	 ﾠwould	 ﾠpredict.	 ﾠ
The	 ﾠaim	 ﾠwas	 ﾠto	 ﾠcompare	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠslow	 ﾠ(Fig	 ﾠ2.1A)	 ﾠversus	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠduring	 ﾠ
training	 ﾠon	 ﾠthe	 ﾠform	 ﾠof	 ﾠthis	 ﾠcurve	 ﾠ(Fig	 ﾠ2.1A).	 ﾠThe	 ﾠcurve	 ﾠwill	 ﾠallow	 ﾠme	 ﾠto	 ﾠsay	 ﾠhow	 ﾠwell	 ﾠthe	 ﾠtraining	 ﾠ
generalises	 ﾠoutside	 ﾠof	 ﾠthe	 ﾠtrained	 ﾠmovement	 ﾠspeed.	 ﾠLocal	 ﾠimproved	 ﾠaccuracy	 ﾠwould	 ﾠsignal	 ﾠtraining	 ﾠ
speed	 ﾠspecific	 ﾠimprovements	 ﾠ(Fig	 ﾠ2.1B);	 ﾠnamely	 ﾠimproved	 ﾠaccuracy	 ﾠat	 ﾠthe	 ﾠslow	 ﾠspeed	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠ
training	 ﾠgroup	 ﾠ(i)	 ﾠand	 ﾠat	 ﾠfast	 ﾠspeed	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠ(ii).	 ﾠGeneralised	 ﾠimprovements	 ﾠ(Fig	 ﾠ
2.1C)	 ﾠwould	 ﾠindicate	 ﾠthat	 ﾠtraining	 ﾠreaching	 ﾠat	 ﾠthe	 ﾠgiven	 ﾠspeed	 ﾠimproves	 ﾠreaching	 ﾠaccuracy	 ﾠfor	 ﾠall	 ﾠ






Figure	 ﾠ2.1.	 ﾠSpeed-ﾭ‐accuracy	 ﾠrelationship.	 ﾠA)	 ﾠDemonstrating	 ﾠtraining	 ﾠat	 ﾠeither	 ﾠslow	 ﾠor	 ﾠfast	 ﾠ
movement	 ﾠspeeds.	 ﾠB)	 ﾠIndicating	 ﾠlocal,	 ﾠspeed-ﾭ‐specific	 ﾠimprovements	 ﾠand	 ﾠi)	 ﾠslow	 ﾠmovement	 ﾠ
speed	 ﾠand	 ﾠii)	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed.	 ﾠC)	 ﾠShowing	 ﾠgeneralised	 ﾠimprovements	 ﾠat	 ﾠslow	 ﾠand	 ﾠ
fast	 ﾠspeed	 ﾠas	 ﾠwell	 ﾠas	 ﾠall	 ﾠother	 ﾠSAT	 ﾠcombinations.	 ﾠ
	 ﾠ	 ﾠ
2.9.  Outstanding ﾠquestions ﾠ
Rehabilitation	 ﾠis	 ﾠperformed	 ﾠat	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠwith	 ﾠan	 ﾠemphasis	 ﾠon	 ﾠimproving	 ﾠ
movement	 ﾠaccuracy,	 ﾠhowever,	 ﾠactivities	 ﾠof	 ﾠdaily	 ﾠlife	 ﾠrequire	 ﾠfast	 ﾠmovements,	 ﾠfor	 ﾠexample	 ﾠcrossing	 ﾠa	 ﾠ
road.	 ﾠDuring	 ﾠfast	 ﾠmovement,	 ﾠjoint	 ﾠtorques	 ﾠis	 ﾠaltered	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠability	 ﾠto	 ﾠrely	 ﾠon	 ﾠfeedback	 ﾠof	 ﾠ
movement	 ﾠperformance.	 ﾠWhether	 ﾠtraining	 ﾠat	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠalso	 ﾠimproves	 ﾠstroke	 ﾠpatients’	 ﾠ
performance	 ﾠat	 ﾠfast	 ﾠspeed	 ﾠis	 ﾠnot	 ﾠknown.	 ﾠ	 ﾠ
	 ﾠI	 ﾠtherefore	 ﾠdesigned	 ﾠa	 ﾠtraining	 ﾠprotocol	 ﾠto	 ﾠtest	 ﾠlearning	 ﾠof	 ﾠfast	 ﾠand	 ﾠslow	 ﾠreaching	 ﾠ
movements	 ﾠin	 ﾠchronic	 ﾠstroke	 ﾠpatients	 ﾠand	 ﾠhow	 ﾠthis	 ﾠgeneralised	 ﾠto	 ﾠother	 ﾠmovement	 ﾠspeeds	 ﾠalong	 ﾠ
the	 ﾠspeed-ﾭ‐accuracy	 ﾠtrade-ﾭ‐off	 ﾠfunction.	 ﾠ	 ﾠ	 ﾠ
Traditionally	 ﾠhigh	 ﾠnumber	 ﾠof	 ﾠmovement	 ﾠrepetition	 ﾠand	 ﾠfast	 ﾠmovements	 ﾠhave	 ﾠbeen	 ﾠavoided	 ﾠ
in	 ﾠrehabilitation	 ﾠdue	 ﾠto	 ﾠa	 ﾠfear	 ﾠof	 ﾠincreased	 ﾠabnormal	 ﾠmuscle	 ﾠsynergies	 ﾠand	 ﾠspasticity,	 ﾠit	 ﾠis	 ﾠnow	 ﾠclear	 ﾠ
that	 ﾠa	 ﾠhigh	 ﾠnumber	 ﾠof	 ﾠmovement	 ﾠrepetition	 ﾠis	 ﾠnot	 ﾠdetrimental	 ﾠto	 ﾠstroke	 ﾠpatients	 ﾠbut	 ﾠthis	 ﾠis	 ﾠstill	 ﾠnot	 ﾠ
established	 ﾠabout	 ﾠmovements	 ﾠat	 ﾠhigh	 ﾠspeed.	 ﾠI	 ﾠinvestigated	 ﾠif	 ﾠtraining	 ﾠat	 ﾠhigh	 ﾠvelocity	 ﾠis	 ﾠdetrimental	 ﾠ




Another	 ﾠunresolved	 ﾠquestion	 ﾠis	 ﾠregarding	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠRST	 ﾠin	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠ
recovery	 ﾠafter	 ﾠstroke.	 ﾠAn	 ﾠincreased	 ﾠreliance	 ﾠon	 ﾠthis	 ﾠpathway	 ﾠis	 ﾠproposed	 ﾠin	 ﾠstroke	 ﾠpatients,	 ﾠ
particularly	 ﾠfor	 ﾠproximal	 ﾠmuscles	 ﾠand	 ﾠupper	 ﾠlimb	 ﾠflexors.	 ﾠI	 ﾠused	 ﾠneurophysiological	 ﾠtechniques	 ﾠto	 ﾠ
assess	 ﾠthe	 ﾠpatients’	 ﾠreliance	 ﾠon	 ﾠthe	 ﾠCST	 ﾠand	 ﾠRST	 ﾠfor	 ﾠupper	 ﾠlimb	 ﾠcontrol	 ﾠand	 ﾠalterations	 ﾠto	 ﾠthese	 ﾠ
pathways	 ﾠdue	 ﾠto	 ﾠtraining.	 ﾠ	 ﾠ	 ﾠ
Additionally	 ﾠI	 ﾠperformed	 ﾠa	 ﾠpilot	 ﾠstudy	 ﾠon	 ﾠhealthy	 ﾠindividuals	 ﾠto	 ﾠassess	 ﾠthe	 ﾠperformance	 ﾠand	 ﾠ
amount	 ﾠof	 ﾠlearning	 ﾠat	 ﾠdifferent	 ﾠmovement	 ﾠspeeds.	 ﾠI	 ﾠinvestigated	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠrepeated	 ﾠexposure	 ﾠof	 ﾠ





3. General ﾠMethods ﾠ




3.1.  Subjects	 ﾠ
Experimental	 ﾠand	 ﾠconsent	 ﾠprocedures	 ﾠwere	 ﾠapproved	 ﾠby	 ﾠthe	 ﾠJoint	 ﾠEthics	 ﾠCommittee	 ﾠof	 ﾠthe	 ﾠ
Institute	 ﾠof	 ﾠNeurology,	 ﾠUCL,	 ﾠand	 ﾠthe	 ﾠNational	 ﾠHospital	 ﾠfor	 ﾠNeurology	 ﾠand	 ﾠNeurosurgery,	 ﾠUCL	 ﾠ
Hospitals	 ﾠNHS	 ﾠFoundation	 ﾠTrust,	 ﾠLondon.	 ﾠ
3.1.1.  Healthy	 ﾠ
Eighteen	 ﾠhealthy	 ﾠadults	 ﾠwithout	 ﾠa	 ﾠhistory	 ﾠof	 ﾠupper	 ﾠlimb	 ﾠneurological	 ﾠor	 ﾠmusculoskeletal	 ﾠ
disorder	 ﾠattended	 ﾠfor	 ﾠ5	 ﾠconsecutive	 ﾠdays.	 ﾠ
3.1.2.  Stroke	 ﾠpatients	 ﾠ
Patients	 ﾠwere	 ﾠrecruited	 ﾠfrom	 ﾠthe	 ﾠNational	 ﾠHospital	 ﾠfor	 ﾠNeurology	 ﾠand	 ﾠNeurosurgery,	 ﾠ
London	 ﾠand	 ﾠfrom	 ﾠthe	 ﾠcommunity	 ﾠvia	 ﾠadvertisement	 ﾠon	 ﾠcharity	 ﾠstroke	 ﾠclubs	 ﾠand	 ﾠwebsites.	 ﾠPotential	 ﾠ
participants	 ﾠwere	 ﾠscreened	 ﾠby	 ﾠUH	 ﾠand	 ﾠthen	 ﾠreferred	 ﾠto	 ﾠthe	 ﾠInstitute	 ﾠof	 ﾠNeurology,	 ﾠLondon,	 ﾠUK.	 ﾠ
Thirty-ﾭ‐seven	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠ(See	 ﾠtable	 ﾠ5.1)	 ﾠwithout	 ﾠa	 ﾠhistory	 ﾠof	 ﾠa	 ﾠprevious	 ﾠstroke	 ﾠor	 ﾠ
other	 ﾠconcomitant	 ﾠneurological	 ﾠor	 ﾠmusculoskeletal	 ﾠdisorder	 ﾠattended	 ﾠfor	 ﾠsix	 ﾠdays.	 ﾠInitial	 ﾠ
assessment	 ﾠwas	 ﾠperformed	 ﾠat	 ﾠthe	 ﾠend	 ﾠof	 ﾠweek	 ﾠone	 ﾠand	 ﾠthey	 ﾠattended	 ﾠfor	 ﾠthe	 ﾠ5	 ﾠconsecutive	 ﾠdays	 ﾠof	 ﾠ
the	 ﾠnext	 ﾠweek.	 ﾠAll	 ﾠpatients	 ﾠhad	 ﾠhad	 ﾠtheir	 ﾠstroke	 ﾠmore	 ﾠthan	 ﾠone	 ﾠyear	 ﾠpreviously,	 ﾠand	 ﾠpresented	 ﾠwith	 ﾠ
persistent	 ﾠupper	 ﾠlimb	 ﾠweakness	 ﾠof	 ﾠthe	 ﾠtriceps	 ﾠand/or	 ﾠanterior	 ﾠdeltoid	 ﾠmuscles	 ﾠ(<=	 ﾠ4	 ﾠon	 ﾠthe	 ﾠMedical	 ﾠ
Research	 ﾠCouncil	 ﾠmuscle	 ﾠpower	 ﾠscale)	 ﾠbut	 ﾠwere	 ﾠable	 ﾠto	 ﾠperform	 ﾠthe	 ﾠexperimental	 ﾠtask	 ﾠconsisting	 ﾠof	 ﾠ
at	 ﾠleast	 ﾠa	 ﾠ15	 ﾠcm	 ﾠsupported	 ﾠreach	 ﾠin	 ﾠthe	 ﾠrobotic	 ﾠmanipulandum.	 ﾠExclusion	 ﾠcriteria	 ﾠconsisted	 ﾠof	 ﾠi)	 ﾠ
proximal	 ﾠupper	 ﾠlimb	 ﾠspasticity	 ﾠgreater	 ﾠthan	 ﾠ2	 ﾠon	 ﾠthe	 ﾠModified	 ﾠAshworth	 ﾠscale,	 ﾠii)	 ﾠsevere	 ﾠsensory	 ﾠ
impairment	 ﾠ(<	 ﾠ50	 ﾠ%	 ﾠaccuracy	 ﾠon	 ﾠ1g	 ﾠmonofilament	 ﾠsensory	 ﾠtesting	 ﾠon	 ﾠdorsum	 ﾠand	 ﾠpalm	 ﾠof	 ﾠhand	 ﾠand	 ﾠ
>5mm	 ﾠ-ﾭ‐	 ﾠ2	 ﾠpoint	 ﾠdiscrimination	 ﾠtask	 ﾠon	 ﾠthe	 ﾠindex	 ﾠfingertip),	 ﾠiii)	 ﾠshoulder	 ﾠpain	 ﾠgreater	 ﾠthan	 ﾠ3/10	 ﾠon	 ﾠa	 ﾠ
continuous	 ﾠself-ﾭ‐rated	 ﾠvisual	 ﾠanalogue	 ﾠscale,	 ﾠiv)	 ﾠuncorrected	 ﾠvisual	 ﾠimpairment	 ﾠand	 ﾠ/or	 ﾠv)	 ﾠcognitive	 ﾠ
and	 ﾠlanguage	 ﾠimpairment,	 ﾠimpeding	 ﾠwith	 ﾠco-ﾭ‐operation	 ﾠin	 ﾠthe	 ﾠstudy	 ﾠprotocol.	 ﾠ




3.2.  Clinical	 ﾠexamination	 ﾠof	 ﾠstroke	 ﾠpatients	 ﾠ
A	 ﾠclinical	 ﾠevaluation	 ﾠwas	 ﾠconducted	 ﾠby	 ﾠa	 ﾠneurologist	 ﾠ(DH),	 ﾠblinded	 ﾠto	 ﾠthe	 ﾠpatient’s	 ﾠ
randomization	 ﾠto	 ﾠtraining	 ﾠgroup,	 ﾠon	 ﾠthe	 ﾠfirst	 ﾠand	 ﾠlast	 ﾠday	 ﾠof	 ﾠattendance.	 ﾠ	 ﾠThe	 ﾠexamination	 ﾠconsisted	 ﾠ
of	 ﾠmeasuring	 ﾠperformance	 ﾠon	 ﾠthe	 ﾠFugl-ﾭ‐Meyer	 ﾠupper	 ﾠlimb	 ﾠsubset	 ﾠ(Fugl-ﾭ‐Meyer	 ﾠet	 ﾠal.,	 ﾠ1975).	 ﾠ
Additionally,	 ﾠmeasures	 ﾠof	 ﾠbiceps,	 ﾠtriceps,	 ﾠanterior	 ﾠdeltoid	 ﾠand	 ﾠpectoralis	 ﾠmajor	 ﾠmuscle	 ﾠpower	 ﾠwere	 ﾠ
established	 ﾠusing	 ﾠthe	 ﾠMedical	 ﾠResearch	 ﾠCouncil	 ﾠmuscle	 ﾠpower	 ﾠgrading	 ﾠsystem	 ﾠ(Kendall	 ﾠMcCreary	 ﾠet	 ﾠ
al.,	 ﾠ2010).	 ﾠ	 ﾠSpasticity	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠextremity	 ﾠwas	 ﾠmeasured	 ﾠfor	 ﾠthe	 ﾠelbow	 ﾠflexors,	 ﾠextensors	 ﾠ
and	 ﾠwrist	 ﾠflexors	 ﾠwhile	 ﾠseated	 ﾠin	 ﾠa	 ﾠsupportive	 ﾠchair	 ﾠusing	 ﾠthe	 ﾠmodified	 ﾠAshworth	 ﾠscale	 ﾠ(MAS).	 ﾠIn	 ﾠthis	 ﾠ
scale	 ﾠpassive	 ﾠmovements	 ﾠof	 ﾠflexion	 ﾠand	 ﾠextension	 ﾠare	 ﾠgraded	 ﾠbetween	 ﾠ0	 ﾠ(no	 ﾠstiffness)	 ﾠto	 ﾠ4	 ﾠ(fixed	 ﾠ
contracture)(Bohannon	 ﾠand	 ﾠSmith,	 ﾠ1987).	 ﾠBecause	 ﾠof	 ﾠthe	 ﾠnon-ﾭ‐linear	 ﾠdistribution	 ﾠof	 ﾠpoints	 ﾠalong	 ﾠthis	 ﾠ
scale	 ﾠwe	 ﾠconverted	 ﾠscores	 ﾠto	 ﾠa	 ﾠ6	 ﾠpoint	 ﾠscale	 ﾠ(0-ﾭ‐5)	 ﾠfor	 ﾠanalysis	 ﾠ(Pisano	 ﾠet	 ﾠal.,	 ﾠ2000).	 ﾠIn	 ﾠclinical	 ﾠpractice	 ﾠ
the	 ﾠMAS	 ﾠis	 ﾠthe	 ﾠmost	 ﾠfrequently	 ﾠused	 ﾠmeasure	 ﾠto	 ﾠgrade	 ﾠspasticity.	 ﾠAlthough	 ﾠit	 ﾠis	 ﾠnot	 ﾠvery	 ﾠsensitive	 ﾠit	 ﾠ
is	 ﾠreliable	 ﾠand	 ﾠreproducible	 ﾠ(Bohannon	 ﾠand	 ﾠSmith,	 ﾠ1987,	 ﾠGregson	 ﾠet	 ﾠal.,	 ﾠ1999).	 ﾠ
Additionally,	 ﾠthe	 ﾠparticipant’s	 ﾠpre-ﾭ‐stroke	 ﾠhandedness	 ﾠwas	 ﾠestablished	 ﾠwith	 ﾠthe	 ﾠEdinburgh	 ﾠ
handedness	 ﾠscale	 ﾠ(Oldfield,	 ﾠ1971)	 ﾠand	 ﾠsensory	 ﾠtesting	 ﾠconsisted	 ﾠof	 ﾠa	 ﾠdescending	 ﾠtwo-ﾭ‐point	 ﾠ
discrimination	 ﾠtask	 ﾠon	 ﾠthe	 ﾠdistal	 ﾠaspect	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠindex	 ﾠfingers	 ﾠ(5-ﾭ‐3mm),	 ﾠand	 ﾠability	 ﾠof	 ﾠ
detecting	 ﾠlight	 ﾠtouch	 ﾠsensation	 ﾠon	 ﾠthe	 ﾠdorsal	 ﾠand	 ﾠpalmar	 ﾠaspect	 ﾠof	 ﾠthe	 ﾠwrist	 ﾠusing	 ﾠa	 ﾠ1g	 ﾠsensory	 ﾠ
testing	 ﾠmonofilament	 ﾠ(Bailey©)	 ﾠ(<50%	 ﾠaccuracy	 ﾠseverely	 ﾠaffected	 ﾠand	 ﾠexcluded,	 ﾠ>50%	 ﾠ&	 ﾠ<80%	 ﾠmod	 ﾠ
affected,	 ﾠ>80%	 ﾠaccuracy	 ﾠno/mild	 ﾠaffected).	 ﾠ
3.3.  Workspace	 ﾠ	 ﾠ
Each	 ﾠindividual’s	 ﾠability	 ﾠto	 ﾠmove	 ﾠtheir	 ﾠaffected	 ﾠarm	 ﾠwas	 ﾠmeasured	 ﾠwhen	 ﾠgravity	 ﾠwas	 ﾠ
eliminated	 ﾠand	 ﾠwith	 ﾠgravity	 ﾠacting	 ﾠon	 ﾠthe	 ﾠupper	 ﾠlimb,	 ﾠas	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠfunctional	 ﾠworkspace	 ﾠ(Beer	 ﾠ
et	 ﾠal.,	 ﾠ2007,	 ﾠEllis	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠIndividuals	 ﾠwere	 ﾠseated	 ﾠin	 ﾠfront	 ﾠof	 ﾠa	 ﾠtable	 ﾠwith	 ﾠa	 ﾠsmooth	 ﾠhigh-ﾭ‐gloss,	 ﾠ
polished	 ﾠpolyester	 ﾠgel-ﾭ‐coat	 ﾠfinish.	 ﾠTheir	 ﾠtrunk	 ﾠwas	 ﾠrestrained	 ﾠand	 ﾠthe	 ﾠaffected	 ﾠhand	 ﾠand	 ﾠforearm	 ﾠ




was	 ﾠpositioned	 ﾠat	 ﾠ15°	 ﾠshoulder	 ﾠabduction	 ﾠand	 ﾠflexion	 ﾠwhile	 ﾠthe	 ﾠelbow	 ﾠwas	 ﾠat	 ﾠ90°	 ﾠflexion.	 ﾠThe	 ﾠchair	 ﾠ
height	 ﾠand	 ﾠposition	 ﾠwas	 ﾠdocumented,	 ﾠand	 ﾠpositioning	 ﾠwas	 ﾠreproduced	 ﾠfor	 ﾠfollow-ﾭ‐up	 ﾠ
measurements.	 ﾠA	 ﾠmovement	 ﾠtracker	 ﾠwas	 ﾠpositioned	 ﾠon	 ﾠthe	 ﾠulnar	 ﾠstyloid	 ﾠprocess,	 ﾠand	 ﾠthe	 ﾠposition	 ﾠ
of	 ﾠthe	 ﾠtable	 ﾠin	 ﾠrelation	 ﾠto	 ﾠthe	 ﾠcamera	 ﾠwas	 ﾠcalibrated.	 ﾠ	 ﾠIndividuals	 ﾠwere	 ﾠinstructed	 ﾠto	 ﾠperform	 ﾠthe	 ﾠ
largest	 ﾠpossible	 ﾠcircular	 ﾠmovement	 ﾠwhile	 ﾠmaintaining	 ﾠhand	 ﾠcontact	 ﾠwith	 ﾠthe	 ﾠtable.	 ﾠThis	 ﾠprocedure	 ﾠ
was	 ﾠrepeated	 ﾠthree	 ﾠtimes	 ﾠin	 ﾠa	 ﾠclock-ﾭ‐wise,	 ﾠand	 ﾠthen	 ﾠthree	 ﾠtimes	 ﾠin	 ﾠan	 ﾠanti-ﾭ‐clockwise	 ﾠdirection.	 ﾠ	 ﾠThe	 ﾠ
chair	 ﾠheight	 ﾠwas	 ﾠthen	 ﾠincreased	 ﾠby	 ﾠ3cm	 ﾠand	 ﾠmovements	 ﾠwere	 ﾠperformed	 ﾠwith	 ﾠthe	 ﾠhand	 ﾠand	 ﾠ
forearm	 ﾠhovering	 ﾠjust	 ﾠover	 ﾠthe	 ﾠtable	 ﾠ(12	 ﾠmovements	 ﾠin	 ﾠtotal;	 ﾠ6	 ﾠsupported	 ﾠ&	 ﾠ6	 ﾠunsupported).	 ﾠ	 ﾠ
Movement	 ﾠdata	 ﾠwere	 ﾠacquired	 ﾠusing	 ﾠa	 ﾠPolaris	 ﾠVicra	 ﾠNDI	 ﾠSystem	 ﾠwith	 ﾠa	 ﾠsampling	 ﾠrate	 ﾠof	 ﾠ
20Hz.	 ﾠData	 ﾠtraces	 ﾠwere	 ﾠtransformed	 ﾠto	 ﾠrepresent	 ﾠdata	 ﾠin	 ﾠa	 ﾠhorizontal	 ﾠplane	 ﾠwith	 ﾠstandardised	 ﾠ
Cartesian	 ﾠcoordinates.	 ﾠOnly	 ﾠdata	 ﾠpoints	 ﾠanterior	 ﾠof	 ﾠthe	 ﾠstarting	 ﾠpoint	 ﾠwere	 ﾠused	 ﾠfor	 ﾠanalysis	 ﾠas	 ﾠthe	 ﾠ
task	 ﾠinstruction	 ﾠrequested	 ﾠmoving	 ﾠthe	 ﾠarm	 ﾠon	 ﾠthe	 ﾠtable	 ﾠand	 ﾠtraining	 ﾠemphasized	 ﾠforward	 ﾠreaching	 ﾠ
movements.	 ﾠBecause	 ﾠthe	 ﾠstarting	 ﾠposition	 ﾠwas	 ﾠon	 ﾠthe	 ﾠtable,	 ﾠjust	 ﾠanterior	 ﾠof	 ﾠthe	 ﾠsternum,	 ﾠany	 ﾠ
movements	 ﾠposterior	 ﾠwould	 ﾠnot	 ﾠbe	 ﾠsupported	 ﾠanymore.	 ﾠTo	 ﾠstandardize	 ﾠmeasurement	 ﾠtechnique	 ﾠ
between	 ﾠsupported	 ﾠand	 ﾠunsupported	 ﾠreaching	 ﾠmovements	 ﾠwe	 ﾠalso	 ﾠonly	 ﾠinvestigated	 ﾠmovement	 ﾠ
anterior	 ﾠof	 ﾠthe	 ﾠstarting	 ﾠposition	 ﾠfor	 ﾠthe	 ﾠunsupported	 ﾠreaches.	 ﾠFor	 ﾠperformance	 ﾠanalysis	 ﾠthe	 ﾠ
maximum	 ﾠexcursion	 ﾠin	 ﾠthe	 ﾠy-ﾭ‐direction	 ﾠwas	 ﾠextracted	 ﾠfrom	 ﾠthe	 ﾠ3	 ﾠrepetitions	 ﾠof	 ﾠeach	 ﾠtask.	 ﾠSuccessful	 ﾠ
trials	 ﾠfor	 ﾠthe	 ﾠunsupported	 ﾠreaches	 ﾠwere	 ﾠdefined,	 ﾠas	 ﾠmovements	 ﾠwere	 ﾠno	 ﾠcontact	 ﾠwas	 ﾠmade	 ﾠwith	 ﾠ
the	 ﾠtable.	 ﾠUnsuccessful	 ﾠtrials	 ﾠwere	 ﾠdiscarded.	 ﾠ
3.4.  Reaching	 ﾠparadigm	 ﾠin	 ﾠrobotic	 ﾠmanipulandum	 ﾠ
Participants	 ﾠwere	 ﾠseated	 ﾠwith	 ﾠtheir	 ﾠforehead	 ﾠsupported	 ﾠon	 ﾠa	 ﾠheadrest.	 ﾠTheir	 ﾠsemi-ﾭ‐pronated	 ﾠright	 ﾠ
hand	 ﾠgripped	 ﾠa	 ﾠmanipulandum	 ﾠunderneath	 ﾠa	 ﾠhorizontally	 ﾠsuspended	 ﾠmirror.	 ﾠThe	 ﾠmirror	 ﾠprevented	 ﾠ
direct	 ﾠvision	 ﾠof	 ﾠthe	 ﾠhand	 ﾠand	 ﾠarm,	 ﾠbut	 ﾠshowed	 ﾠa	 ﾠreflection	 ﾠof	 ﾠa	 ﾠcomputer	 ﾠmonitor	 ﾠmounted	 ﾠabove,	 ﾠ






Figure	 ﾠ3.1.	 ﾠManipulandum	 ﾠand	 ﾠexperimental	 ﾠset-ﾭ‐up	 ﾠ
 ﾠ
The	 ﾠvisual	 ﾠdisplay	 ﾠ(Fig	 ﾠ3.2A)	 ﾠcomprised	 ﾠa	 ﾠ1	 ﾠcm	 ﾠdiameter	 ﾠstarting	 ﾠbox,	 ﾠa	 ﾠgreen	 ﾠcursor	 ﾠ(0.5	 ﾠcm	 ﾠ
diameter)	 ﾠrepresenting	 ﾠthe	 ﾠposition	 ﾠof	 ﾠthe	 ﾠmanipulandum	 ﾠand	 ﾠa	 ﾠcircular	 ﾠ10	 ﾠcm	 ﾠdiameter	 ﾠtarget	 ﾠwith	 ﾠ
a	 ﾠsmall	 ﾠblack	 ﾠcross	 ﾠat	 ﾠits	 ﾠcentre,	 ﾠwhich	 ﾠwas	 ﾠlocated	 ﾠ25cm	 ﾠin	 ﾠhealthy	 ﾠand	 ﾠ20cm	 ﾠfor	 ﾠstroke	 ﾠparticipants,	 ﾠ
from	 ﾠthe	 ﾠstart	 ﾠbox	 ﾠat	 ﾠan	 ﾠangle	 ﾠof	 ﾠeither	 ﾠ0	 ﾠor	 ﾠ45	 ﾠdegrees.	 ﾠAt	 ﾠthe	 ﾠstart	 ﾠof	 ﾠa	 ﾠtrial	 ﾠa	 ﾠmotor	 ﾠmoved	 ﾠthe	 ﾠ
participants’	 ﾠarm,	 ﾠand	 ﾠthereby	 ﾠthe	 ﾠcursor	 ﾠinto	 ﾠthe	 ﾠstart	 ﾠbox	 ﾠpresented	 ﾠin	 ﾠmidline.	 ﾠThe	 ﾠgleno-ﾭ‐humeral	 ﾠ
joint	 ﾠwas	 ﾠin	 ﾠ	 ﾠ	 ﾠ̴30	 ﾠdegrees	 ﾠof	 ﾠelevation	 ﾠthrough	 ﾠflexion,	 ﾠand	 ﾠ45	 ﾠdegrees	 ﾠof	 ﾠabduction,	 ﾠand	 ﾠthe	 ﾠelbow	 ﾠ
at	 ﾠ	 ﾠ	 ﾠ̴	 ﾠ90	 ﾠdegrees	 ﾠflexion.	 ﾠ	 ﾠ ﾠ
 ﾠ
Figure	 ﾠ3.2.	 ﾠA)	 ﾠExperimental	 ﾠdisplay	 ﾠduring	 ﾠpre-ﾭ‐	 ﾠand	 ﾠpost-ﾭ‐testing	 ﾠwith	 ﾠtarget	 ﾠcentred	 ﾠ20cm	 ﾠat	 ﾠ





Participants	 ﾠwere	 ﾠinstructed	 ﾠto	 ﾠstart	 ﾠmoving	 ﾠin	 ﾠtheir	 ﾠown	 ﾠtime	 ﾠafter	 ﾠthe	 ﾠstart	 ﾠsignal.	 ﾠAt	 ﾠ
movement	 ﾠonset	 ﾠthe	 ﾠcursor	 ﾠdisappeared,	 ﾠand	 ﾠreappeared,	 ﾠshowing	 ﾠthe	 ﾠhand	 ﾠposition,	 ﾠat	 ﾠthe	 ﾠend	 ﾠof	 ﾠ
the	 ﾠmovement.	 ﾠReappearance	 ﾠof	 ﾠthe	 ﾠcursor	 ﾠindicated	 ﾠthe	 ﾠend	 ﾠof	 ﾠthe	 ﾠtrial	 ﾠand	 ﾠprovided	 ﾠfeedback	 ﾠof	 ﾠ
reach	 ﾠend-ﾭ‐point	 ﾠaccuracy.	 ﾠThe	 ﾠreaching	 ﾠparadigm	 ﾠdiffered	 ﾠbetween	 ﾠhealthy	 ﾠindividuals	 ﾠand	 ﾠstroke	 ﾠ
patients.	 ﾠ
3.4.1.  Healthy	 ﾠparticipants	 ﾠ
In	 ﾠhealthy	 ﾠparticipants	 ﾠthe	 ﾠduration	 ﾠof	 ﾠeach	 ﾠtrial	 ﾠwas	 ﾠidentical	 ﾠirrespective	 ﾠof	 ﾠthe	 ﾠallowed	 ﾠ
movement	 ﾠtime	 ﾠ(i.e.	 ﾠ2320ms).	 ﾠThe	 ﾠstarting	 ﾠsignal,	 ﾠa	 ﾠchange	 ﾠfrom	 ﾠthe	 ﾠtarget	 ﾠ(Fig.	 ﾠ3.2A)	 ﾠfrom	 ﾠan	 ﾠ
outline	 ﾠto	 ﾠa	 ﾠsolid	 ﾠcolour,	 ﾠappeared	 ﾠ100ms	 ﾠafter	 ﾠtrial	 ﾠinitiation.	 ﾠAt	 ﾠmovement	 ﾠend,	 ﾠfeedback	 ﾠwas	 ﾠ
displayed	 ﾠfor	 ﾠ300ms	 ﾠafter	 ﾠwhich	 ﾠthe	 ﾠrobotic	 ﾠmanipulandum	 ﾠmoved	 ﾠthe	 ﾠarm	 ﾠback	 ﾠto	 ﾠthe	 ﾠstarting	 ﾠ
position.	 ﾠThe	 ﾠhand	 ﾠwas	 ﾠheld	 ﾠin	 ﾠthe	 ﾠstarting	 ﾠposition	 ﾠuntil	 ﾠthe	 ﾠend	 ﾠof	 ﾠthe	 ﾠtrial	 ﾠtime	 ﾠ(2320ms).	 ﾠThis	 ﾠ
means	 ﾠthat	 ﾠshorter	 ﾠmovement	 ﾠtimes	 ﾠtherefore	 ﾠhad	 ﾠlonger	 ﾠwait	 ﾠtimes	 ﾠat	 ﾠthe	 ﾠend	 ﾠof	 ﾠa	 ﾠtrial	 ﾠfor	 ﾠ
initiation	 ﾠof	 ﾠthe	 ﾠnext	 ﾠtrial.	 ﾠReaction	 ﾠtime	 ﾠwas	 ﾠnot	 ﾠenforced	 ﾠand	 ﾠwas	 ﾠnot	 ﾠincluded	 ﾠin	 ﾠthe	 ﾠtrial	 ﾠtime.	 ﾠ
Participants	 ﾠfamiliarized	 ﾠthemselves	 ﾠwith	 ﾠthe	 ﾠtask	 ﾠby	 ﾠperforming	 ﾠ10	 ﾠreaches	 ﾠwith	 ﾠcontinual	 ﾠvisual	 ﾠ
feedback	 ﾠat	 ﾠ900ms	 ﾠand	 ﾠ300ms	 ﾠas	 ﾠwell	 ﾠas	 ﾠ10	 ﾠreaches	 ﾠwithout	 ﾠvisual	 ﾠfeedback	 ﾠat	 ﾠ300ms.	 ﾠ
3.4.2.  Stroke	 ﾠpatients	 ﾠ
I	 ﾠaltered	 ﾠthe	 ﾠprotocol	 ﾠin	 ﾠregards	 ﾠto	 ﾠhow	 ﾠmovement	 ﾠendpoint	 ﾠwas	 ﾠdetermined	 ﾠbefore	 ﾠ
performing	 ﾠthe	 ﾠstudy	 ﾠin	 ﾠstroke	 ﾠpatients.	 ﾠStroke	 ﾠpatients	 ﾠhad	 ﾠto	 ﾠstop	 ﾠmoving	 ﾠin	 ﾠa	 ﾠpre-ﾭ‐determined	 ﾠ
movement	 ﾠtime	 ﾠ(See	 ﾠ3.5.2	 ﾠfor	 ﾠhow	 ﾠmovement	 ﾠtime	 ﾠwas	 ﾠdetermined).	 ﾠAs	 ﾠdescribed	 ﾠin	 ﾠthe	 ﾠ
background	 ﾠsection	 ﾠmotor	 ﾠlearning	 ﾠcan	 ﾠbe	 ﾠinvestigated	 ﾠin	 ﾠhealth	 ﾠand	 ﾠdisease	 ﾠwith	 ﾠa	 ﾠnumber	 ﾠof	 ﾠ
paradigms	 ﾠ(Krakauer,	 ﾠ2006).	 ﾠThis	 ﾠreaching	 ﾠtask	 ﾠwas	 ﾠdesigned	 ﾠto	 ﾠbe	 ﾠa	 ﾠskill	 ﾠlearning	 ﾠparadigm	 ﾠ(Kitago	 ﾠ
and	 ﾠKrakauer,	 ﾠ2013)	 ﾠwhich	 ﾠclosely	 ﾠresembles	 ﾠthe	 ﾠrelearning	 ﾠof	 ﾠmovement	 ﾠcontrol	 ﾠrequired	 ﾠby	 ﾠ




	 ﾠThe	 ﾠstarting	 ﾠsignal,	 ﾠa	 ﾠchange	 ﾠof	 ﾠthe	 ﾠtarget	 ﾠ(Fig	 ﾠ3.2A)	 ﾠfrom	 ﾠan	 ﾠoutline	 ﾠto	 ﾠa	 ﾠsolid	 ﾠcolour	 ﾠ
appeared	 ﾠ2000ms	 ﾠafter	 ﾠthe	 ﾠarm	 ﾠhad	 ﾠbeen	 ﾠpositioned.	 ﾠWhen	 ﾠmovement	 ﾠwas	 ﾠinitiated	 ﾠand	 ﾠvelocity	 ﾠ
exceeded	 ﾠ3.5cm/s,	 ﾠthe	 ﾠcursor	 ﾠdisappeared	 ﾠand	 ﾠonly	 ﾠreappeared,	 ﾠshowing	 ﾠthe	 ﾠend	 ﾠposition,	 ﾠwhen	 ﾠ
movement	 ﾠvelocity	 ﾠreduced	 ﾠbelow	 ﾠ4cm/s	 ﾠwithout	 ﾠa	 ﾠsubsequent	 ﾠincrease	 ﾠover	 ﾠ7cm/s	 ﾠwithin	 ﾠ40ms.	 ﾠ
The	 ﾠarm	 ﾠwas	 ﾠthen	 ﾠmoved	 ﾠback	 ﾠto	 ﾠthe	 ﾠstart	 ﾠposition	 ﾠwhile	 ﾠfeedback	 ﾠwas	 ﾠdisplayed	 ﾠfor	 ﾠ1000ms.	 ﾠ
3.5.  Reaching	 ﾠperformance	 ﾠ
3.5.1.  Healthy	 ﾠparticipants	 ﾠ
On	 ﾠday	 ﾠone	 ﾠand	 ﾠday	 ﾠfive	 ﾠ(pre-ﾭ‐	 ﾠand	 ﾠpost-ﾭ‐training)	 ﾠreaching	 ﾠaccuracy	 ﾠwas	 ﾠestablished	 ﾠat	 ﾠfour	 ﾠ
different	 ﾠmovement	 ﾠtimes,	 ﾠ300,	 ﾠ500,	 ﾠ700	 ﾠand	 ﾠ900ms,	 ﾠby	 ﾠperforming	 ﾠblocks	 ﾠof	 ﾠ45	 ﾠtrials	 ﾠof	 ﾠa	 ﾠspecific	 ﾠ
movement	 ﾠspeed,	 ﾠpresented	 ﾠin	 ﾠa	 ﾠrandom	 ﾠorder.	 ﾠThe	 ﾠreaches	 ﾠwere	 ﾠperformed	 ﾠat	 ﾠcomfortable	 ﾠ
reaching	 ﾠspeeds	 ﾠ(500	 ﾠand	 ﾠ700ms)	 ﾠ(Soechting	 ﾠet	 ﾠal.,	 ﾠ1995)	 ﾠas	 ﾠwell	 ﾠas	 ﾠvery	 ﾠfast	 ﾠ(300ms)	 ﾠmovement	 ﾠ
times	 ﾠand	 ﾠslow	 ﾠmovements	 ﾠ(900ms)	 ﾠ(Nishikawa	 ﾠet	 ﾠal.,	 ﾠ1999).	 ﾠThe	 ﾠfirst	 ﾠfive	 ﾠtrials	 ﾠof	 ﾠeach	 ﾠblock	 ﾠwere	 ﾠ
used	 ﾠfor	 ﾠpractice	 ﾠand	 ﾠto	 ﾠacquaintance	 ﾠwith	 ﾠthe	 ﾠtarget	 ﾠspeed	 ﾠof	 ﾠthe	 ﾠblock	 ﾠand	 ﾠthe	 ﾠsubsequent	 ﾠ40	 ﾠ
trials	 ﾠwere	 ﾠanalyzed.	 ﾠAll	 ﾠfour	 ﾠmovement	 ﾠtimes	 ﾠwere	 ﾠperformed	 ﾠwith	 ﾠtargets	 ﾠat	 ﾠ0	 ﾠand	 ﾠ45	 ﾠdegrees	 ﾠand	 ﾠ
the	 ﾠorder	 ﾠof	 ﾠconditions	 ﾠwas	 ﾠrandomized.	 ﾠIn	 ﾠall	 ﾠcases	 ﾠthe	 ﾠaim	 ﾠwas	 ﾠto	 ﾠend	 ﾠthe	 ﾠmovement	 ﾠas	 ﾠclose	 ﾠas	 ﾠ
possible	 ﾠto	 ﾠthe	 ﾠcross	 ﾠin	 ﾠthe	 ﾠcenter	 ﾠof	 ﾠthe	 ﾠtarget	 ﾠ(Fig	 ﾠ3.2A).	 ﾠ
Participants	 ﾠwere	 ﾠinstructed	 ﾠto	 ﾠperform	 ﾠthe	 ﾠreach	 ﾠwithin	 ﾠa	 ﾠpre-ﾭ‐determined	 ﾠmovement	 ﾠtime.	 ﾠ
The	 ﾠmovement	 ﾠtime	 ﾠwas	 ﾠenforced	 ﾠby	 ﾠ“dropping”	 ﾠthe	 ﾠcursor	 ﾠat	 ﾠthe	 ﾠhand	 ﾠposition,	 ﾠthat	 ﾠwas	 ﾠachieved	 ﾠ
when	 ﾠthe	 ﾠallowed	 ﾠmovement	 ﾠtime	 ﾠhad	 ﾠpassed,	 ﾠwhether	 ﾠthe	 ﾠhand	 ﾠhad	 ﾠstopped	 ﾠmoving	 ﾠor	 ﾠnot.	 ﾠThis	 ﾠ
cursor	 ﾠposition	 ﾠwas	 ﾠused	 ﾠfor	 ﾠdetermining	 ﾠendpoint	 ﾠerror.	 ﾠAny	 ﾠfurther	 ﾠcorrective	 ﾠmovement	 ﾠafter	 ﾠthis	 ﾠ
time	 ﾠdid	 ﾠnot	 ﾠinfluence	 ﾠthe	 ﾠmeasurement.	 ﾠThis	 ﾠarrangement	 ﾠmeans	 ﾠthat	 ﾠmovement	 ﾠtimes	 ﾠcannot	 ﾠbe	 ﾠ






3.5.2.  Stroke	 ﾠpatients	 ﾠ
Participants	 ﾠfamiliarized	 ﾠthemselves	 ﾠwith	 ﾠthe	 ﾠtask	 ﾠby	 ﾠperforming	 ﾠone	 ﾠset	 ﾠof	 ﾠ15	 ﾠreaches	 ﾠwith	 ﾠ
continual	 ﾠvisual	 ﾠfeedback	 ﾠand	 ﾠone	 ﾠset	 ﾠwithout	 ﾠvisual	 ﾠfeedback	 ﾠat	 ﾠa	 ﾠvariety	 ﾠof	 ﾠmovement	 ﾠspeeds.	 ﾠTo	 ﾠ
set	 ﾠeach	 ﾠindividuals	 ﾠmovement	 ﾠlimits	 ﾠfor	 ﾠtesting	 ﾠand	 ﾠtraining	 ﾠindividuals	 ﾠwere	 ﾠencouraged	 ﾠto	 ﾠmove	 ﾠ
as	 ﾠfast	 ﾠas	 ﾠpossible	 ﾠin	 ﾠthe	 ﾠ3
rd	 ﾠset.	 ﾠThe	 ﾠmovement	 ﾠtime	 ﾠneeded	 ﾠfor	 ﾠcompletion	 ﾠof	 ﾠthe	 ﾠ4
th	 ﾠfastest	 ﾠ
movement	 ﾠ(80
th	 ﾠpercentile),	 ﾠfor	 ﾠexample	 ﾠ520ms,	 ﾠwas	 ﾠused	 ﾠto	 ﾠset	 ﾠeach	 ﾠindividual’s	 ﾠmovement	 ﾠlimit	 ﾠ
for	 ﾠthe	 ﾠfastest	 ﾠmovement	 ﾠspeed	 ﾠe.g.	 ﾠ0-ﾭ‐520ms.	 ﾠThe	 ﾠlimits	 ﾠfor	 ﾠthe	 ﾠother	 ﾠtarget	 ﾠspeeds	 ﾠwas	 ﾠthen	 ﾠ
incrementally	 ﾠincreased	 ﾠby	 ﾠ200ms	 ﾠwhich	 ﾠwould	 ﾠmake	 ﾠmedium	 ﾠfast	 ﾠ520ms–720ms,	 ﾠmedium	 ﾠslow	 ﾠ
720ms-ﾭ‐920ms	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠlimit	 ﾠ920ms-ﾭ‐1600ms	 ﾠin	 ﾠthis	 ﾠexample.	 ﾠIn	 ﾠfigures	 ﾠthe	 ﾠtarget	 ﾠspeeds	 ﾠ
are	 ﾠdocumented	 ﾠas	 ﾠslow=1,	 ﾠmedium	 ﾠslow=2,	 ﾠmedium	 ﾠfast=3	 ﾠand	 ﾠfast=4.	 ﾠThe	 ﾠaverage	 ﾠfast	 ﾠtarget	 ﾠ
speed	 ﾠfor	 ﾠthe	 ﾠindividuals	 ﾠin	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroups	 ﾠwas	 ﾠ(570ms	 ﾠ(+/-ﾭ‐	 ﾠ160ms	 ﾠSD))	 ﾠand	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠ
group	 ﾠ(545ms	 ﾠ(+/-ﾭ‐	 ﾠ110ms	 ﾠSD)).	 ﾠThe	 ﾠaverage	 ﾠvelocity	 ﾠfor	 ﾠthe	 ﾠ4	 ﾠtarget	 ﾠspeeds	 ﾠ(1-ﾭ‐slow,	 ﾠ2-ﾭ‐medium	 ﾠslow,	 ﾠ
3-ﾭ‐medium	 ﾠfast,	 ﾠ4-ﾭ‐fast)	 ﾠwas	 ﾠthereby	 ﾠequally	 ﾠspaced	 ﾠwith	 ﾠthe	 ﾠgreatest	 ﾠvariability	 ﾠat	 ﾠthe	 ﾠfast	 ﾠtarget	 ﾠ
speed	 ﾠ(Table	 ﾠ3.1.)	 ﾠ
Table	 ﾠ3.1.	 ﾠVelocity	 ﾠat	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠ
	 ﾠ	 ﾠ
On	 ﾠdays	 ﾠ1	 ﾠand	 ﾠ6	 ﾠ(pre-ﾭ‐	 ﾠand	 ﾠpost-ﾭ‐training),	 ﾠreaching	 ﾠaccuracy	 ﾠwas	 ﾠestablished	 ﾠat	 ﾠthese	 ﾠfour	 ﾠset	 ﾠ
target	 ﾠspeeds.	 ﾠAll	 ﾠ4	 ﾠtarget	 ﾠspeeds	 ﾠwere	 ﾠperformed	 ﾠwith	 ﾠtargets	 ﾠat	 ﾠ0°	 ﾠ(Fig	 ﾠ3.2A).	 ﾠThe	 ﾠaim	 ﾠwas	 ﾠto	 ﾠend	 ﾠ
the	 ﾠmovement	 ﾠas	 ﾠclose	 ﾠas	 ﾠpossible	 ﾠto	 ﾠthe	 ﾠcross	 ﾠin	 ﾠthe	 ﾠcenter	 ﾠof	 ﾠthe	 ﾠtarget	 ﾠwhile	 ﾠreaching	 ﾠat	 ﾠa	 ﾠspecific	 ﾠ
movement	 ﾠspeed.	 ﾠIndividuals	 ﾠwere	 ﾠtold	 ﾠwhether	 ﾠthe	 ﾠexpected	 ﾠmovement	 ﾠspeed	 ﾠwas	 ﾠslow,	 ﾠmedium	 ﾠ
slow,	 ﾠmedium	 ﾠfast	 ﾠor	 ﾠfast.	 ﾠAfter	 ﾠeach	 ﾠmovement	 ﾠthey	 ﾠeither	 ﾠheard	 ﾠa	 ﾠpleasant	 ﾠsound	 ﾠwhich	 ﾠindicated	 ﾠ




slow’,	 ﾠindicating	 ﾠan	 ﾠunsuccessful	 ﾠtrial.	 ﾠThe	 ﾠorder	 ﾠof	 ﾠtarget	 ﾠspeed	 ﾠwas	 ﾠdetermined	 ﾠby	 ﾠrandomizing	 ﾠthe	 ﾠ
first	 ﾠtarget	 ﾠspeed	 ﾠby	 ﾠa	 ﾠMatlab®	 ﾠ(Mathworks)	 ﾠscript.	 ﾠ	 ﾠConsecutive	 ﾠsets	 ﾠwere	 ﾠperformed	 ﾠat	 ﾠthe	 ﾠ
adjoining	 ﾠtarget	 ﾠspeed	 ﾠto	 ﾠthe	 ﾠlongest	 ﾠsequence	 ﾠ(i.e.	 ﾠif	 ﾠstarting	 ﾠwith	 ﾠmedium-ﾭ‐slow	 ﾠ(2)	 ﾠthen	 ﾠorder	 ﾠ
would	 ﾠbe	 ﾠmedium-ﾭ‐fast(3),	 ﾠfast(4),	 ﾠslow(1)	 ﾠor	 ﾠif	 ﾠfirst	 ﾠwould	 ﾠbe	 ﾠfast(4)	 ﾠthe	 ﾠorder	 ﾠwould	 ﾠbe	 ﾠmedium-ﾭ‐
fast(3),	 ﾠmedium-ﾭ‐slow(2),	 ﾠslow(1)).	 ﾠ	 ﾠThis	 ﾠprocedure	 ﾠwas	 ﾠfollowed	 ﾠto	 ﾠincrease	 ﾠindividual’s	 ﾠease	 ﾠof	 ﾠ
grading	 ﾠthe	 ﾠmovement	 ﾠspeed	 ﾠto	 ﾠenable	 ﾠtask	 ﾠperformance.	 ﾠ	 ﾠ	 ﾠIn	 ﾠeach	 ﾠset	 ﾠthe	 ﾠfirst	 ﾠfive	 ﾠmovements	 ﾠ
were	 ﾠused	 ﾠfor	 ﾠpractice	 ﾠand	 ﾠdiscarded	 ﾠbefore	 ﾠanalysis.	 ﾠConsecutive	 ﾠreaches	 ﾠwere	 ﾠperformed	 ﾠto	 ﾠ
attempt	 ﾠto	 ﾠsample	 ﾠtwenty	 ﾠsuccessful	 ﾠtrials,	 ﾠperformed	 ﾠwithin	 ﾠthe	 ﾠset	 ﾠmovement	 ﾠlimits,	 ﾠfor	 ﾠeach	 ﾠset	 ﾠ
target	 ﾠspeed	 ﾠfrom	 ﾠa	 ﾠmaximum	 ﾠof	 ﾠsixty	 ﾠtrials	 ﾠper	 ﾠset	 ﾠ(Fig	 ﾠ3.3).	 ﾠ	 ﾠ
The	 ﾠnumbers	 ﾠof	 ﾠtrials	 ﾠperformed	 ﾠto	 ﾠachieve	 ﾠ20	 ﾠsuccessful	 ﾠrepetitions	 ﾠof	 ﾠreaches	 ﾠ(Fig	 ﾠ3.3)	 ﾠat	 ﾠ
the	 ﾠ4	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠchanged	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠindicated	 ﾠby	 ﾠan	 ﾠinteraction	 ﾠ(F(3,102)=5.477,	 ﾠp=0.002)	 ﾠin	 ﾠ
a	 ﾠ3wrmANOVA	 ﾠTARGETSPEED(4)*TIME(2)*GROUP(2).	 ﾠPost-ﾭ‐hoc	 ﾠanalysis	 ﾠindicates	 ﾠthat	 ﾠthere	 ﾠwas	 ﾠa	 ﾠ
significant	 ﾠreduction	 ﾠin	 ﾠtrials	 ﾠrequired	 ﾠto	 ﾠreach	 ﾠcriterion	 ﾠin	 ﾠthe	 ﾠslow	 ﾠgroup	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠt(16)=4.528,	 ﾠ
p<=0.001	 ﾠand	 ﾠmedium	 ﾠfast	 ﾠt(16)=2.691,	 ﾠp=0.016	 ﾠand	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠgroup	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠt(18)=2.214,	 ﾠp=0.040	 ﾠ	 ﾠ
and	 ﾠrelated	 ﾠ(	 ﾠmedium	 ﾠfast	 ﾠt(18)=2.777,	 ﾠp=0.012	 ﾠand	 ﾠmedium	 ﾠslow	 ﾠt(18)=2.368,	 ﾠp=0.029)	 ﾠtarget	 ﾠspeed.	 ﾠ






Figure	 ﾠ3.3	 ﾠTrials	 ﾠto	 ﾠcriterion.	 ﾠGroup	 ﾠaverages	 ﾠ(red-ﾭ‐fast,	 ﾠblue-ﾭ‐slow	 ﾠmovement	 ﾠspeed	 ﾠtraining	 ﾠ
group)	 ﾠof	 ﾠnumber	 ﾠof	 ﾠtrials	 ﾠrequired	 ﾠto	 ﾠreach	 ﾠ20	 ﾠrepetitions	 ﾠat	 ﾠthe	 ﾠpre-ﾭ‐determined	 ﾠmovement	 ﾠ
speed.	 ﾠMeasurements	 ﾠwere	 ﾠtaken	 ﾠat	 ﾠslow	 ﾠ(1),	 ﾠmedium	 ﾠslow	 ﾠ(2),	 ﾠmedium	 ﾠfast	 ﾠ(3)	 ﾠand	 ﾠfast	 ﾠ(4)	 ﾠ
target	 ﾠspeed	 ﾠbefore(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠability	 ﾠto	 ﾠperform	 ﾠ
accurate	 ﾠreaches	 ﾠat	 ﾠthese	 ﾠdifferent	 ﾠmovement	 ﾠspeeds.	 ﾠ
	 ﾠ
3.6.  Reaching	 ﾠtraining	 ﾠ	 ﾠ
3.6.1.  Healthy	 ﾠparticipants:	 ﾠ	 ﾠ
On	 ﾠthe	 ﾠsecond	 ﾠday,	 ﾠparticipants	 ﾠwere	 ﾠrandomly	 ﾠassigned	 ﾠto	 ﾠeither	 ﾠa	 ﾠfast	 ﾠ(cursor	 ﾠreappears	 ﾠ
after	 ﾠ300ms)	 ﾠor	 ﾠa	 ﾠslow	 ﾠ(cursor	 ﾠreappears	 ﾠafter	 ﾠ900ms)	 ﾠtraining	 ﾠgroup	 ﾠwithout	 ﾠstratefication.	 ﾠThey	 ﾠ
were	 ﾠinstructed	 ﾠto	 ﾠwhat	 ﾠmovement	 ﾠspeed	 ﾠthey	 ﾠhad	 ﾠto	 ﾠtrain	 ﾠat	 ﾠ(e.g.	 ﾠfast	 ﾠor	 ﾠslow)	 ﾠand	 ﾠduring	 ﾠdays	 ﾠ2,	 ﾠ3	 ﾠ
and	 ﾠ4,	 ﾠtrained	 ﾠto	 ﾠreach	 ﾠaccurately	 ﾠat	 ﾠthese	 ﾠmovement	 ﾠtimes	 ﾠfor	 ﾠ630	 ﾠreaches	 ﾠper	 ﾠday	 ﾠ(7	 ﾠblocks	 ﾠof	 ﾠ90	 ﾠ
repeats).	 ﾠEach	 ﾠtraining	 ﾠsession	 ﾠlasted	 ﾠapproximately	 ﾠ1	 ﾠhour.	 ﾠDuring	 ﾠtraining	 ﾠthe	 ﾠtarget	 ﾠsize	 ﾠand	 ﾠ
location	 ﾠat	 ﾠ0	 ﾠdegrees	 ﾠremained	 ﾠunchanged	 ﾠbut	 ﾠwas	 ﾠnow	 ﾠdisplayed	 ﾠas	 ﾠa	 ﾠbull’s-ﾭ‐eye	 ﾠ(Fig	 ﾠ3.1	 ﾠ&	 ﾠFig	 ﾠ3.2B,	 ﾠ
Training	 ﾠdisplay)	 ﾠwith	 ﾠconcentric	 ﾠcolored	 ﾠcircles	 ﾠat	 ﾠ1,	 ﾠ2,	 ﾠ3,	 ﾠ4	 ﾠand	 ﾠ5	 ﾠcm	 ﾠradius.	 ﾠThis	 ﾠprovided	 ﾠfeedback	 ﾠ
of	 ﾠresults	 ﾠduring	 ﾠtraining	 ﾠin	 ﾠorder	 ﾠto	 ﾠmaintain	 ﾠinterest	 ﾠand	 ﾠincentivize	 ﾠparticipants.	 ﾠPoints	 ﾠwere	 ﾠ
awarded	 ﾠafter	 ﾠevery	 ﾠreach	 ﾠ(5	 ﾠpoints	 ﾠmaximum	 ﾠwhen	 ﾠabsolute	 ﾠerror	 ﾠ<1cm	 ﾠfrom	 ﾠthe	 ﾠcenter	 ﾠof	 ﾠthe	 ﾠ
target,	 ﾠ4	 ﾠpoints	 ﾠfor	 ﾠ<2cm,	 ﾠ3	 ﾠpoints	 ﾠfor	 ﾠ<	 ﾠ3cm,	 ﾠ2	 ﾠpoints	 ﾠfor	 ﾠ<	 ﾠ4cm	 ﾠand	 ﾠ1	 ﾠpoint	 ﾠfor	 ﾠ<	 ﾠ5cm	 ﾠerror)	 ﾠand	 ﾠ
accumulated	 ﾠthroughout	 ﾠthe	 ﾠblock,	 ﾠwith	 ﾠa	 ﾠmaximum	 ﾠscore	 ﾠof	 ﾠ450	 ﾠpoints	 ﾠper	 ﾠblock.	 ﾠParticipants	 ﾠwere	 ﾠ
encouraged	 ﾠto	 ﾠincrease	 ﾠtheir	 ﾠpoints	 ﾠper	 ﾠblock	 ﾠand	 ﾠwere	 ﾠreminded	 ﾠof	 ﾠtheir	 ﾠperformance	 ﾠon	 ﾠthe	 ﾠ
previous	 ﾠblock	 ﾠand	 ﾠthe	 ﾠprevious	 ﾠday/s.	 ﾠAdditionally;	 ﾠparticipants	 ﾠwere	 ﾠinformed	 ﾠthat	 ﾠa	 ﾠmonetary	 ﾠ
prize	 ﾠwould	 ﾠbe	 ﾠawarded	 ﾠto	 ﾠthe	 ﾠparticipant	 ﾠdemonstrating	 ﾠthe	 ﾠgreatest	 ﾠimprovements	 ﾠdue	 ﾠto	 ﾠ
training.	 ﾠ	 ﾠ
3.6.2.  Stroke	 ﾠpatients	 ﾠ
On	 ﾠthe	 ﾠsecond	 ﾠday,	 ﾠpatients	 ﾠwere	 ﾠrandomized	 ﾠto	 ﾠeither	 ﾠa	 ﾠfast	 ﾠor	 ﾠa	 ﾠslow	 ﾠtraining	 ﾠgroup.	 ﾠ




individuals	 ﾠtrained	 ﾠto	 ﾠreach	 ﾠaccurately	 ﾠat	 ﾠthe	 ﾠtarget	 ﾠmovement	 ﾠspeed,	 ﾠdetermined	 ﾠby	 ﾠtheir	 ﾠown	 ﾠ
fastest	 ﾠreaching	 ﾠability	 ﾠ(See	 ﾠTable	 ﾠ3.1	 ﾠfor	 ﾠaverages),	 ﾠfor	 ﾠ420	 ﾠreaches	 ﾠper	 ﾠday	 ﾠ(7	 ﾠblocks	 ﾠof	 ﾠ60	 ﾠrepeats).	 ﾠ
Each	 ﾠtraining	 ﾠsession	 ﾠlasted	 ﾠ∼1	 ﾠ½	 ﾠh.	 ﾠDuring	 ﾠtraining,	 ﾠthe	 ﾠtarget	 ﾠsize	 ﾠand	 ﾠlocation	 ﾠat	 ﾠ0°	 ﾠremained	 ﾠ
unchanged	 ﾠbut	 ﾠwas	 ﾠnow	 ﾠdisplayed	 ﾠas	 ﾠa	 ﾠbull's	 ﾠeye	 ﾠ(Fig	 ﾠ3.1&3.2B,	 ﾠtraining	 ﾠdisplay)	 ﾠwith	 ﾠconcentric	 ﾠ
colored	 ﾠcircles	 ﾠat	 ﾠ1,	 ﾠ2,	 ﾠ3,	 ﾠ4,	 ﾠand	 ﾠ5cm	 ﾠradius.	 ﾠThis	 ﾠprovided	 ﾠfeedback	 ﾠof	 ﾠresults	 ﾠduring	 ﾠtraining	 ﾠto	 ﾠ
maintain	 ﾠinterest	 ﾠand	 ﾠincentivize	 ﾠindividuals.	 ﾠPoints	 ﾠwere	 ﾠawarded	 ﾠafter	 ﾠevery	 ﾠreach	 ﾠ(5	 ﾠpoints	 ﾠ
maximum	 ﾠwhen	 ﾠabsolute	 ﾠerror	 ﾠ<	 ﾠ1	 ﾠcm	 ﾠfrom	 ﾠthe	 ﾠcenter	 ﾠof	 ﾠthe	 ﾠtarget,	 ﾠ4	 ﾠpoints	 ﾠfor	 ﾠ<2-ﾭ‐cm,	 ﾠ3	 ﾠpoints	 ﾠfor	 ﾠ
<3-ﾭ‐cm,	 ﾠ2	 ﾠpoints	 ﾠfor	 ﾠ<4-ﾭ‐cm,	 ﾠand	 ﾠ1	 ﾠpoint	 ﾠfor	 ﾠ<5-ﾭ‐cm	 ﾠerror)	 ﾠand	 ﾠaccumulated	 ﾠthroughout	 ﾠthe	 ﾠblock	 ﾠwith	 ﾠ
a	 ﾠmaximum	 ﾠscore	 ﾠof	 ﾠ300	 ﾠpoints	 ﾠper	 ﾠblock.	 ﾠMovements	 ﾠthat	 ﾠended	 ﾠoutside	 ﾠthe	 ﾠtarget	 ﾠarea	 ﾠand/or	 ﾠdid	 ﾠ
not	 ﾠfall	 ﾠwithin	 ﾠthe	 ﾠrequired	 ﾠtraining	 ﾠmovement	 ﾠtime	 ﾠwere	 ﾠawarded	 ﾠ0	 ﾠpoints	 ﾠand	 ﾠfeedback	 ﾠof	 ﾠspeed	 ﾠ
error	 ﾠwas	 ﾠgiven.	 ﾠParticipants	 ﾠwere	 ﾠencouraged	 ﾠto	 ﾠincrease	 ﾠtheir	 ﾠpoints	 ﾠper	 ﾠblock	 ﾠand	 ﾠwere	 ﾠreminded	 ﾠ
of	 ﾠtheir	 ﾠperformance	 ﾠon	 ﾠthe	 ﾠprevious	 ﾠblock	 ﾠand	 ﾠthe	 ﾠprevious	 ﾠday(s).	 ﾠVerbal	 ﾠencouragement	 ﾠwas	 ﾠ
provided	 ﾠthroughout	 ﾠand	 ﾠindividuals	 ﾠwere	 ﾠallowed	 ﾠto	 ﾠhave	 ﾠrests	 ﾠin	 ﾠbetween	 ﾠsets	 ﾠas	 ﾠrequired.	 ﾠ
3.7.  Kinematic	 ﾠanalysis	 ﾠ
The	 ﾠkinematic	 ﾠmeasures	 ﾠI	 ﾠinvestigated	 ﾠwere	 ﾠ1)	 ﾠendpoint	 ﾠerror	 ﾠsize	 ﾠand	 ﾠdistribution,	 ﾠ2)	 ﾠ
movement	 ﾠspeed	 ﾠand	 ﾠvariance,	 ﾠ3)	 ﾠsymmetry	 ﾠof	 ﾠvelocity	 ﾠprofiles	 ﾠand	 ﾠ4)	 ﾠthe	 ﾠmovement	 ﾠtrajectories.	 ﾠ
3.7.1.  Endpoint	 ﾠaccuracy	 ﾠ
Our	 ﾠprimary	 ﾠoutcome	 ﾠmeasure	 ﾠwas	 ﾠthe	 ﾠreduction	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠinduced	 ﾠby	 ﾠtraining	 ﾠat	 ﾠ
the	 ﾠtrained	 ﾠmovement	 ﾠspeeds	 ﾠ(Fig	 ﾠ3.4A)	 ﾠand	 ﾠadditional	 ﾠmeasures	 ﾠconsisted	 ﾠchanges	 ﾠin	 ﾠuntrained	 ﾠ
speeds.	 ﾠEndpoint	 ﾠerror	 ﾠis	 ﾠa	 ﾠvaluable	 ﾠmeasure	 ﾠof	 ﾠperformance	 ﾠto	 ﾠinvestigate	 ﾠindividuals	 ﾠability	 ﾠto	 ﾠ
perform	 ﾠa	 ﾠmovement	 ﾠtask	 ﾠas	 ﾠwell	 ﾠas	 ﾠalterations	 ﾠin	 ﾠperforming	 ﾠthe	 ﾠtask	 ﾠwith	 ﾠrepetition	 ﾠ
(Georgopoulos	 ﾠet	 ﾠal.,	 ﾠ1981).	 ﾠThe	 ﾠerror	 ﾠon	 ﾠeach	 ﾠtrial	 ﾠwas	 ﾠdivided	 ﾠinto	 ﾠa	 ﾠcomponent	 ﾠalong	 ﾠthe	 ﾠ
movement	 ﾠdirection	 ﾠ(parallel	 ﾠerror)	 ﾠ(Fig	 ﾠ3.4B)	 ﾠand	 ﾠone	 ﾠorthogonal	 ﾠto	 ﾠthe	 ﾠmovement	 ﾠdirection	 ﾠ





The	 ﾠchange	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠis	 ﾠdepicted	 ﾠby	 ﾠactual	 ﾠpre-ﾭ‐	 ﾠand	 ﾠpost-ﾭ‐	 ﾠerror	 ﾠmeasures	 ﾠin	 ﾠ
centimeter	 ﾠbut	 ﾠthe	 ﾠimprovement	 ﾠin	 ﾠperformance	 ﾠis	 ﾠgiven	 ﾠin	 ﾠ%	 ﾠchange.	 ﾠUsing	 ﾠthis	 ﾠproportional	 ﾠ
method	 ﾠovercomes	 ﾠthe	 ﾠdifficulty	 ﾠof	 ﾠanalyzing	 ﾠand	 ﾠinterpreting	 ﾠimprovement	 ﾠchanges	 ﾠin	 ﾠindividuals	 ﾠ
with	 ﾠvarying	 ﾠabilities	 ﾠwithout	 ﾠover-ﾭ‐weighting	 ﾠthe	 ﾠeffect	 ﾠin	 ﾠworse	 ﾠaffected	 ﾠparticipants.	 ﾠThe	 ﾠ
percentage	 ﾠchange	 ﾠis	 ﾠa	 ﾠcrude	 ﾠapproximation	 ﾠhowever	 ﾠit	 ﾠdoes	 ﾠnot	 ﾠencounter	 ﾠthe	 ﾠdifficulty	 ﾠof	 ﾠgiving	 ﾠ
an	 ﾠaverage	 ﾠimprovement,	 ﾠwhich	 ﾠis	 ﾠpotentially	 ﾠabove	 ﾠoptimal	 ﾠperformance	 ﾠin	 ﾠmildly	 ﾠaffected	 ﾠ
individuals.	 ﾠ	 ﾠ
 ﾠ
Figure	 ﾠ3.4.	 ﾠDetermining	 ﾠendpoint	 ﾠerror.	 ﾠMeasures	 ﾠ(red	 ﾠline)	 ﾠfor	 ﾠdetermining	 ﾠendpoint	 ﾠ
accuracy	 ﾠof	 ﾠcursor	 ﾠ(green	 ﾠdot)	 ﾠfrom	 ﾠthe	 ﾠcentre	 ﾠof	 ﾠthe	 ﾠtarget	 ﾠ(x).	 ﾠA)	 ﾠRoot	 ﾠmean	 ﾠsquare	 ﾠerror.	 ﾠ
B)	 ﾠEndpoint	 ﾠparallel	 ﾠerror.	 ﾠC)	 ﾠEndpoint	 ﾠperpendicular	 ﾠerror.	 ﾠ	 ﾠ
 ﾠ
For	 ﾠinter-ﾭ‐individual	 ﾠand	 ﾠinter-ﾭ‐group	 ﾠcomparison	 ﾠof	 ﾠdata,	 ﾠthe	 ﾠmovements	 ﾠof	 ﾠindividuals	 ﾠwith	 ﾠ
left	 ﾠhemiplegia	 ﾠwas	 ﾠmirrored	 ﾠalong	 ﾠthe	 ﾠsagittal	 ﾠplane	 ﾠand	 ﾠdata	 ﾠare	 ﾠpresented	 ﾠas	 ﾠright	 ﾠarm	 ﾠ
movements	 ﾠfor	 ﾠall	 ﾠparticipants.	 ﾠ
3.7.2. Interpreting	 ﾠendpoint	 ﾠerror	 ﾠ
To	 ﾠunderstand	 ﾠchange	 ﾠin	 ﾠperformance	 ﾠand	 ﾠthe	 ﾠunderlying	 ﾠmechanism	 ﾠand	 ﾠaltered	 ﾠability	 ﾠ
after	 ﾠtraining,	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠthe	 ﾠendpoint	 ﾠerror	 ﾠcan	 ﾠbe	 ﾠassessed	 ﾠin	 ﾠa	 ﾠvariety	 ﾠof	 ﾠways	 ﾠ(Reynolds	 ﾠ




The	 ﾠabsolute	 ﾠerror,	 ﾠor	 ﾠEuclidean	 ﾠerror	 ﾠis	 ﾠthe	 ﾠvector	 ﾠbetween	 ﾠthe	 ﾠtarget	 ﾠcenter	 ﾠand	 ﾠthe	 ﾠ
position	 ﾠof	 ﾠcursor	 ﾠpresentation	 ﾠat	 ﾠthe	 ﾠend	 ﾠof	 ﾠallocated	 ﾠmovement	 ﾠtime.	 ﾠFor	 ﾠan	 ﾠendpoint	 ﾠerror	 ﾠthat	 ﾠis	 ﾠ
uniformly	 ﾠdistributed	 ﾠaround	 ﾠthe	 ﾠtarget,	 ﾠas	 ﾠdemonstrated	 ﾠfor	 ﾠthis	 ﾠrepresentative	 ﾠsubject	 ﾠ(Fig	 ﾠ3.5A),	 ﾠa	 ﾠ
reduction	 ﾠin	 ﾠmovement	 ﾠerror	 ﾠwill	 ﾠbe	 ﾠdetected	 ﾠby	 ﾠa	 ﾠreduction	 ﾠin	 ﾠthe	 ﾠabsolute	 ﾠerror	 ﾠor	 ﾠEuclidean	 ﾠ
distance	 ﾠfrom	 ﾠthe	 ﾠtarget	 ﾠcentre.	 ﾠ	 ﾠHowever	 ﾠif	 ﾠthe	 ﾠerrors	 ﾠare	 ﾠnot	 ﾠuniformly	 ﾠdistributed	 ﾠaround	 ﾠthe	 ﾠ
centre	 ﾠof	 ﾠthe	 ﾠtarget,	 ﾠas	 ﾠdemonstrated	 ﾠby	 ﾠdata	 ﾠfrom	 ﾠanother	 ﾠsubject	 ﾠ(Fig	 ﾠ3.5B),	 ﾠwith	 ﾠa	 ﾠbias	 ﾠto	 ﾠend	 ﾠin	 ﾠa	 ﾠ
specific	 ﾠsubspace	 ﾠof	 ﾠthe	 ﾠwork	 ﾠarea	 ﾠ(Fig	 ﾠ3.5C),	 ﾠthe	 ﾠabsolute	 ﾠerror	 ﾠonly	 ﾠprovides	 ﾠlimited	 ﾠinformation	 ﾠof	 ﾠ
the	 ﾠinaccuracy.	 ﾠMeasuring	 ﾠthe	 ﾠsigned	 ﾠconstant	 ﾠerror	 ﾠ(Fig	 ﾠ3.5C)	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠspread	 ﾠaround	 ﾠthis	 ﾠ
error	 ﾠas	 ﾠthe	 ﾠvariable	 ﾠerror	 ﾠ(Fig	 ﾠ3.5D)	 ﾠis	 ﾠmore	 ﾠsensitive	 ﾠand	 ﾠinformative	 ﾠto	 ﾠinterpreting	 ﾠchange	 ﾠin	 ﾠ
individuals	 ﾠwho	 ﾠexperience	 ﾠphysical	 ﾠdifficulty	 ﾠin	 ﾠperforming	 ﾠthe	 ﾠtask	 ﾠ(Reynolds	 ﾠand	 ﾠDay,	 ﾠ2005,	 ﾠ
Schmidt	 ﾠand	 ﾠLee,	 ﾠ2011).	 ﾠ	 ﾠ
 ﾠ
Figure	 ﾠ3.5.	 ﾠDemonstration	 ﾠof	 ﾠmeasures	 ﾠof	 ﾠendpoint	 ﾠaccuracy	 ﾠfor	 ﾠtwo	 ﾠindividuals	 ﾠendpoint	 ﾠ
scatter	 ﾠin	 ﾠthe	 ﾠtarget.	 ﾠA)	 ﾠDepiction	 ﾠof	 ﾠexample	 ﾠdata	 ﾠfor	 ﾠendpoint	 ﾠerror	 ﾠwith	 ﾠdistribution	 ﾠof	 ﾠ
scatter	 ﾠaround	 ﾠcentre	 ﾠof	 ﾠtarget.	 ﾠB-ﾭ‐D)	 ﾠDepiction	 ﾠof	 ﾠexample	 ﾠdata	 ﾠwith	 ﾠunequal	 ﾠendpoint	 ﾠ
scatter	 ﾠand	 ﾠresultant	 ﾠchanges	 ﾠin	 ﾠendpoint	 ﾠanalysis	 ﾠwhen	 ﾠdepicting	 ﾠB)	 ﾠAbsolute	 ﾠerror	 ﾠ




Constant	 ﾠerror	 ﾠ(bias),	 ﾠsigned	 ﾠaverage	 ﾠendpoint	 ﾠerror	 ﾠas	 ﾠa	 ﾠsigned	 ﾠvalue;	 ﾠD)	 ﾠVariable	 ﾠerror,	 ﾠ
average	 ﾠx	 ﾠand	 ﾠy	 ﾠspread	 ﾠof	 ﾠthe	 ﾠendpoints	 ﾠaround	 ﾠthe	 ﾠConstant	 ﾠerror.	 ﾠ
	 ﾠ
3.7.3.  Maximum	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠvariance	 ﾠ
The	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠstandard	 ﾠdeviation	 ﾠof	 ﾠthis	 ﾠspeed	 ﾠwas	 ﾠdetermined	 ﾠon	 ﾠa	 ﾠ
trial-ﾭ‐by-ﾭ‐trial	 ﾠbasis	 ﾠand	 ﾠaveraged	 ﾠfor	 ﾠeach	 ﾠindividual	 ﾠfor	 ﾠeach	 ﾠset	 ﾠtarget	 ﾠspeed.	 ﾠThis	 ﾠmeasure	 ﾠwas	 ﾠused	 ﾠ
to	 ﾠinvestigate	 ﾠmovement	 ﾠperformance	 ﾠat	 ﾠthe	 ﾠ4	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠand	 ﾠchanges	 ﾠinduced	 ﾠto	 ﾠthese	 ﾠ
measures	 ﾠdue	 ﾠto	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠprotocols.	 ﾠ	 ﾠ
3.7.4.  Symmetry	 ﾠof	 ﾠvelocity	 ﾠprofiles	 ﾠ
In	 ﾠstroke	 ﾠpatients,	 ﾠmovement	 ﾠperformance	 ﾠin	 ﾠthis	 ﾠtask	 ﾠdiffered	 ﾠbetween	 ﾠindividuals.	 ﾠThe	 ﾠ
variability	 ﾠstemmed	 ﾠfrom	 ﾠtheir	 ﾠclinical	 ﾠimpairment	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠability	 ﾠto	 ﾠperform	 ﾠthe	 ﾠreaching	 ﾠ
task.	 ﾠThe	 ﾠlength	 ﾠof	 ﾠreaches	 ﾠwas	 ﾠnot	 ﾠthe	 ﾠsame	 ﾠbetween	 ﾠindividuals	 ﾠand	 ﾠwithin	 ﾠindividuals	 ﾠand	 ﾠplotting	 ﾠ
the	 ﾠvelocity	 ﾠagainst	 ﾠa	 ﾠscalar	 ﾠdistance	 ﾠmeasure	 ﾠwould	 ﾠmake	 ﾠinterpretation	 ﾠdifficult.	 ﾠI	 ﾠtherefore	 ﾠ
normalized	 ﾠthe	 ﾠreaching	 ﾠlength	 ﾠon	 ﾠa	 ﾠtrial-ﾭ‐by-ﾭ‐trial	 ﾠbasis	 ﾠto	 ﾠthe	 ﾠreach	 ﾠextent	 ﾠby	 ﾠinterpolation.	 ﾠThe	 ﾠ
velocity	 ﾠis	 ﾠtherefore	 ﾠplotted	 ﾠagainst	 ﾠthe	 ﾠpercentage	 ﾠof	 ﾠthe	 ﾠreach	 ﾠlength.	 ﾠThereby	 ﾠcomparison	 ﾠ
between	 ﾠindividuals	 ﾠwith	 ﾠvarying	 ﾠmovement	 ﾠability	 ﾠis	 ﾠpossible.	 ﾠReaching	 ﾠlength	 ﾠdiffered	 ﾠbetween	 ﾠ
patients	 ﾠand	 ﾠsome	 ﾠpatients	 ﾠdemonstrated	 ﾠa	 ﾠconsistent	 ﾠundershoot.	 ﾠ
Changes	 ﾠto	 ﾠthe	 ﾠvelocity	 ﾠin	 ﾠrelation	 ﾠto	 ﾠthe	 ﾠextent	 ﾠof	 ﾠthe	 ﾠreach	 ﾠ(%)	 ﾠwere	 ﾠused	 ﾠto	 ﾠanalyze	 ﾠthe	 ﾠ
timing	 ﾠof	 ﾠthe	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠchanges,	 ﾠinduced	 ﾠby	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠprotocols.	 ﾠ	 ﾠ
3.7.5.  Movement	 ﾠtrajectories	 ﾠ
The	 ﾠmovement	 ﾠtrajectory	 ﾠand	 ﾠspecifically	 ﾠthe	 ﾠdirectness	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠpath	 ﾠwere	 ﾠ
investigated	 ﾠin	 ﾠstroke	 ﾠpatients.	 ﾠDirectness	 ﾠof	 ﾠmovement	 ﾠwas	 ﾠestablished	 ﾠas	 ﾠa	 ﾠratio	 ﾠbetween	 ﾠthe	 ﾠ
direct	 ﾠpath	 ﾠfrom	 ﾠstart	 ﾠto	 ﾠendpoint	 ﾠwith	 ﾠa	 ﾠsample-ﾭ‐by-ﾭ‐sample	 ﾠsum	 ﾠof	 ﾠthe	 ﾠx-ﾭ‐	 ﾠand	 ﾠy-ﾭ‐axis	 ﾠcoordinates	 ﾠand	 ﾠ




3.8.  EMG	 ﾠ
See	 ﾠchapter	 ﾠ7.2.	 ﾠ
3.9.  TMS	 ﾠ
See	 ﾠchapter	 ﾠ6.2.	 ﾠ
3.10.  Data	 ﾠAnalysis	 ﾠ
IBM	 ﾠSPSS	 ﾠsoftware	 ﾠand	 ﾠcustom	 ﾠwritten	 ﾠMatlab®	 ﾠ(Mathworks)	 ﾠroutines	 ﾠwere	 ﾠused	 ﾠfor	 ﾠdata	 ﾠ
analysis.	 ﾠThe	 ﾠalpha	 ﾠlevel	 ﾠof	 ﾠp<=0.05	 ﾠwas	 ﾠused	 ﾠto	 ﾠdetermine	 ﾠstatistical	 ﾠsignificance.	 ﾠ	 ﾠ
Normality	 ﾠof	 ﾠdata	 ﾠdistribution	 ﾠwas	 ﾠconfirmed	 ﾠwith	 ﾠthe	 ﾠKolmogorov-ﾭ‐Smirnov	 ﾠtest.	 ﾠRepeated	 ﾠ
measures	 ﾠANOVA’s	 ﾠwhere	 ﾠperformed	 ﾠand	 ﾠwhen	 ﾠthe	 ﾠMauchley	 ﾠtest	 ﾠindicated	 ﾠthat	 ﾠthe	 ﾠassumption	 ﾠof	 ﾠ
sphericity	 ﾠwas	 ﾠviolated,	 ﾠa	 ﾠGreenhouse-ﾭ‐Geisser	 ﾠcorrection	 ﾠwas	 ﾠused.	 ﾠPost	 ﾠhoc	 ﾠStudent’s	 ﾠt-ﾭ‐test	 ﾠwere	 ﾠ
performed	 ﾠwhen	 ﾠthe	 ﾠANOVA	 ﾠindicated	 ﾠsignificant	 ﾠdifferences	 ﾠin	 ﾠthe	 ﾠdata.	 ﾠFor	 ﾠnon-ﾭ‐parametric	 ﾠ
parameters	 ﾠlike	 ﾠthe	 ﾠFugl	 ﾠMeyer	 ﾠUpper	 ﾠExtremity	 ﾠSubset	 ﾠand	 ﾠspasticity	 ﾠmeasured	 ﾠby	 ﾠthe	 ﾠMAS	 ﾠthe	 ﾠ
Wilcoxon	 ﾠSigned	 ﾠrank	 ﾠtest	 ﾠwas	 ﾠused	 ﾠto	 ﾠanalyze	 ﾠrepeated	 ﾠmeasures,	 ﾠi.e.	 ﾠchanges	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠand	 ﾠ
the	 ﾠMann-ﾭ‐Whitney	 ﾠU	 ﾠTest	 ﾠto	 ﾠestablish	 ﾠdifferences	 ﾠbetween	 ﾠindependent	 ﾠsamples,	 ﾠi.e.	 ﾠbetween	 ﾠ
groups.	 ﾠ	 ﾠ
In	 ﾠthe	 ﾠtraining	 ﾠphase	 ﾠrepeated-ﾭ‐measures	 ﾠanalysis	 ﾠof	 ﾠvariance	 ﾠ(rmANOVA)	 ﾠwere	 ﾠused	 ﾠto	 ﾠ
investigate	 ﾠthe	 ﾠBLOCK(7)*DAY(4)*GROUP(2)	 ﾠinteraction.	 ﾠ	 ﾠChanges	 ﾠwithin	 ﾠa	 ﾠtraining	 ﾠday	 ﾠwere	 ﾠ
investigated	 ﾠas	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠlearning	 ﾠand	 ﾠchanges	 ﾠbetween	 ﾠtraining	 ﾠdays	 ﾠas	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠretention	 ﾠ
using	 ﾠrmANOVA	 ﾠas	 ﾠDAY(4)*GROUP(2)	 ﾠand	 ﾠDAY(3)*GROUP(2)	 ﾠinteractions	 ﾠrespectively	 ﾠ(Reis	 ﾠet	 ﾠal.,	 ﾠ
2009).	 ﾠ	 ﾠ
learning= 	 ﾠ




In	 ﾠthe	 ﾠtesting	 ﾠphase	 ﾠrepeated	 ﾠmeasures	 ﾠANOVA	 ﾠinvestigated	 ﾠthe	 ﾠTIME(2)*TARGET	 ﾠ
SPEED(4)*GROUP(2)	 ﾠinteraction	 ﾠfor	 ﾠchanges	 ﾠin	 ﾠerror	 ﾠand	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠat	 ﾠthe	 ﾠtrained	 ﾠ
and	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeed.	 ﾠFurther	 ﾠanalysis	 ﾠinvestigated	 ﾠkinematic	 ﾠchanges	 ﾠfor	 ﾠbetween	 ﾠ
group	 ﾠdifferences.	 ﾠ	 ﾠ
To	 ﾠinvestigate	 ﾠcorrelations	 ﾠbetween	 ﾠfindings	 ﾠI	 ﾠperformed	 ﾠSpearman’s	 ﾠand	 ﾠPearson’s	 ﾠ
correlations,	 ﾠfor	 ﾠnon-ﾭ‐parametric	 ﾠand	 ﾠparametric	 ﾠdata	 ﾠrespectively,	 ﾠon	 ﾠa	 ﾠsubject-ﾭ‐by-ﾭ‐subject	 ﾠbasis	 ﾠand	 ﾠ
findings	 ﾠare	 ﾠexpressed	 ﾠby	 ﾠthe	 ﾠrho	 ﾠor	 ﾠr-ﾭ‐value	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠlevel	 ﾠof	 ﾠsignificance.	 ﾠ
 ﾠ





4. Movement ﾠspeed ﾠis ﾠ





The	 ﾠwork	 ﾠdescribed	 ﾠhere	 ﾠhas	 ﾠbeen	 ﾠpreviously	 ﾠpublished:	 ﾠ	 ﾠ	 ﾠ
Hammerbeck	 ﾠU,	 ﾠYousif	 ﾠN,	 ﾠGreenwood	 ﾠR,	 ﾠRothwell	 ﾠJC	 ﾠ,	 ﾠDiedrichsen	 ﾠJ.	 ﾠMovement	 ﾠspeed	 ﾠis	 ﾠbiased	 ﾠby	 ﾠ




4.1.  Introduction	 ﾠ 	 ﾠ
This	 ﾠpilot	 ﾠtrial	 ﾠwas	 ﾠperformed	 ﾠto	 ﾠinvestigate	 ﾠthe	 ﾠamount	 ﾠof	 ﾠlearning	 ﾠobserved	 ﾠin	 ﾠan	 ﾠintensive	 ﾠ
upper	 ﾠlimb	 ﾠreaching	 ﾠparadigm	 ﾠin	 ﾠyoung	 ﾠhealthy	 ﾠindividuals	 ﾠbefore	 ﾠusing	 ﾠthe	 ﾠprotocol	 ﾠfor	 ﾠthe	 ﾠmain	 ﾠ
experiment	 ﾠin	 ﾠstroke	 ﾠsubjects.	 ﾠOver	 ﾠthree	 ﾠconsecutive	 ﾠdays,	 ﾠa	 ﾠgroup	 ﾠof	 ﾠhealthy	 ﾠyoung	 ﾠvolunteers	 ﾠ
practised	 ﾠa	 ﾠ20cm	 ﾠcentre-ﾭ‐out	 ﾠarm	 ﾠreaching	 ﾠtask;	 ﾠhalf	 ﾠof	 ﾠthem	 ﾠwere	 ﾠtrained	 ﾠto	 ﾠmove	 ﾠfast	 ﾠwhereas	 ﾠthe	 ﾠ
others	 ﾠwere	 ﾠtrained	 ﾠto	 ﾠmove	 ﾠslowly.	 ﾠA	 ﾠday	 ﾠbefore	 ﾠand	 ﾠa	 ﾠday	 ﾠafter	 ﾠthe	 ﾠtraining	 ﾠsessions,	 ﾠparticipants	 ﾠ
were	 ﾠrequired	 ﾠto	 ﾠmake	 ﾠreaching	 ﾠmovements	 ﾠwithin	 ﾠ4	 ﾠdifferent	 ﾠtime	 ﾠwindows.	 ﾠOne	 ﾠof	 ﾠthese	 ﾠwas	 ﾠthe	 ﾠ
same	 ﾠas	 ﾠthe	 ﾠtrained	 ﾠtask;	 ﾠthe	 ﾠ3	 ﾠothers	 ﾠwere	 ﾠdifferent.	 ﾠEndpoint	 ﾠaccuracy	 ﾠand	 ﾠkinematic	 ﾠvariables	 ﾠ
were	 ﾠmeasured	 ﾠto	 ﾠplot	 ﾠa	 ﾠspeed-ﾭ‐accuracy	 ﾠtrade-ﾭ‐off	 ﾠfor	 ﾠperformance	 ﾠat	 ﾠthe	 ﾠ4	 ﾠprobed	 ﾠmovement	 ﾠ
speeds.	 ﾠLearning	 ﾠwas	 ﾠdefined	 ﾠas	 ﾠimproved	 ﾠendpoint	 ﾠaccuracy	 ﾠas	 ﾠwell	 ﾠas	 ﾠa	 ﾠreduction	 ﾠof	 ﾠthe	 ﾠvariability	 ﾠ
of	 ﾠkinematic	 ﾠmeasures	 ﾠduring	 ﾠtask	 ﾠperformance.	 ﾠ	 ﾠTraining	 ﾠspeed	 ﾠspecific	 ﾠimprovements	 ﾠas	 ﾠwell	 ﾠas	 ﾠ
generalisation	 ﾠof	 ﾠimproved	 ﾠperformance	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠspeeds	 ﾠwere	 ﾠinvestigated.	 ﾠ
This	 ﾠprotocol	 ﾠcan	 ﾠestablish	 ﾠa	 ﾠbaseline	 ﾠmeasure	 ﾠof	 ﾠa	 ﾠspeed	 ﾠaccuracy	 ﾠtrade-ﾭ‐off	 ﾠfunction	 ﾠfor	 ﾠ
these	 ﾠreaching	 ﾠtasks	 ﾠand	 ﾠis	 ﾠsensitive	 ﾠto	 ﾠchange.	 ﾠAt	 ﾠthe	 ﾠend	 ﾠof	 ﾠtraining,	 ﾠpeople	 ﾠin	 ﾠboth	 ﾠtraining	 ﾠgroups	 ﾠ
made	 ﾠmore	 ﾠaccurate	 ﾠmovements	 ﾠat	 ﾠless	 ﾠvariable	 ﾠspeeds	 ﾠfor	 ﾠthe	 ﾠspeed	 ﾠthat	 ﾠthey	 ﾠwere	 ﾠtrained	 ﾠat.	 ﾠ
Improvements	 ﾠwere	 ﾠalso	 ﾠseen	 ﾠat	 ﾠsimilar	 ﾠspeeds	 ﾠas	 ﾠtrained	 ﾠbut	 ﾠdid	 ﾠnot	 ﾠgeneralise	 ﾠbroadly	 ﾠto	 ﾠall	 ﾠ
movement	 ﾠspeeds.	 ﾠThe	 ﾠchanges	 ﾠin	 ﾠmovement	 ﾠperformance	 ﾠgeneralized	 ﾠto	 ﾠother	 ﾠmovement	 ﾠ
directions,	 ﾠindicating	 ﾠthat	 ﾠthe	 ﾠunderlying	 ﾠadjustment	 ﾠis	 ﾠrelatively	 ﾠglobal.	 ﾠ
Interestingly	 ﾠI	 ﾠfound	 ﾠthat	 ﾠthis	 ﾠcame	 ﾠat	 ﾠthe	 ﾠcost	 ﾠof	 ﾠbiasing	 ﾠthe	 ﾠspeed	 ﾠin	 ﾠthe	 ﾠuntrained	 ﾠ
movements.	 ﾠThose	 ﾠwho	 ﾠhad	 ﾠbeen	 ﾠtrained	 ﾠto	 ﾠmove	 ﾠslowly	 ﾠtended	 ﾠto	 ﾠmove	 ﾠslower	 ﾠthan	 ﾠbefore	 ﾠ
training,	 ﾠwhereas	 ﾠthose	 ﾠwho	 ﾠhad	 ﾠbeen	 ﾠtrained	 ﾠto	 ﾠmove	 ﾠfast	 ﾠdid	 ﾠthe	 ﾠopposite.	 ﾠTheoretical	 ﾠmodels	 ﾠ
propose	 ﾠthat	 ﾠthe	 ﾠmotor	 ﾠsystem	 ﾠchooses	 ﾠa	 ﾠspeed	 ﾠthat	 ﾠoptimizes	 ﾠa	 ﾠcost	 ﾠfunction	 ﾠ(Todorov	 ﾠand	 ﾠJordan,	 ﾠ
2002)	 ﾠrepresenting	 ﾠa	 ﾠcombination	 ﾠof	 ﾠthe	 ﾠimportance	 ﾠor	 ﾠreward	 ﾠvalue	 ﾠof	 ﾠthe	 ﾠgoal	 ﾠ(Xu-ﾭ‐Wilson	 ﾠet	 ﾠal.,	 ﾠ
2009),	 ﾠthe	 ﾠenergy	 ﾠrequired	 ﾠto	 ﾠexecute	 ﾠthe	 ﾠmovement	 ﾠ(Mazzoni	 ﾠet	 ﾠal.,	 ﾠ2007)	 ﾠand	 ﾠthe	 ﾠcost	 ﾠof	 ﾠthe	 ﾠwait	 ﾠ




of	 ﾠwalking	 ﾠwith	 ﾠan	 ﾠarthritic	 ﾠhip	 ﾠcould	 ﾠbe	 ﾠa	 ﾠcompromise	 ﾠbetween	 ﾠreaching	 ﾠthe	 ﾠgoal	 ﾠof	 ﾠcatching	 ﾠthe	 ﾠ
bus,	 ﾠand	 ﾠminimising	 ﾠpain.	 ﾠThis	 ﾠresult	 ﾠhowever	 ﾠindicates	 ﾠthat	 ﾠadditionally	 ﾠmovement	 ﾠspeed	 ﾠis	 ﾠalso	 ﾠ
habitual	 ﾠin	 ﾠthat	 ﾠa	 ﾠcertain	 ﾠspeed	 ﾠis	 ﾠchosen	 ﾠbecause	 ﾠrecent	 ﾠmovements	 ﾠhave	 ﾠtuned	 ﾠthe	 ﾠsystem	 ﾠto	 ﾠthis	 ﾠ
trained	 ﾠspeed.	 ﾠ
We	 ﾠhypothesised	 ﾠthat	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠspeeds	 ﾠwould	 ﾠdemonstrate	 ﾠ
different	 ﾠlearning	 ﾠmechanisms	 ﾠand	 ﾠgeneralisation	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeed.	 ﾠBecause	 ﾠwe	 ﾠ
hypothesised	 ﾠthat	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠwould	 ﾠbe	 ﾠmore	 ﾠdifficult	 ﾠwe	 ﾠassumed	 ﾠthat	 ﾠthis	 ﾠ
training	 ﾠwould	 ﾠresult	 ﾠin	 ﾠwidely	 ﾠgeneralised	 ﾠimprovements	 ﾠin	 ﾠaccuracy,	 ﾠto	 ﾠmovement	 ﾠspeeds	 ﾠthat	 ﾠ
were	 ﾠeasier	 ﾠto	 ﾠperform,	 ﾠwhereas	 ﾠimprovements	 ﾠdue	 ﾠto	 ﾠslow	 ﾠtraining	 ﾠwould	 ﾠbe	 ﾠmore	 ﾠtraining	 ﾠspeed	 ﾠ




4.2.  Methods	 ﾠ
See	 ﾠgeneral	 ﾠMethods	 ﾠChapter	 ﾠ3.	 ﾠ




4.3.  Results	 ﾠ
The	 ﾠprotocol	 ﾠwas	 ﾠperformed	 ﾠin	 ﾠa	 ﾠgroup	 ﾠof	 ﾠ18	 ﾠhealthy,	 ﾠright	 ﾠhanded	 ﾠparticipants	 ﾠ(mean	 ﾠage:	 ﾠ
28.94,	 ﾠSD	 ﾠ8.07,	 ﾠgender;	 ﾠ11	 ﾠfemale).	 ﾠ
 ﾠ
4.3.1. Speed	 ﾠchoice	 ﾠduring	 ﾠpre-ﾭ‐test	 ﾠ
The	 ﾠconstraint	 ﾠon	 ﾠmovement	 ﾠspeed	 ﾠI	 ﾠimposed	 ﾠfor	 ﾠthe	 ﾠ4	 ﾠdifferent	 ﾠtarget	 ﾠspeeds	 ﾠwas	 ﾠ
asymmetrical	 ﾠas	 ﾠcan	 ﾠbe	 ﾠobserved	 ﾠ(Fig	 ﾠ4.1)	 ﾠby	 ﾠthe	 ﾠlimited	 ﾠspread	 ﾠof	 ﾠdata	 ﾠat	 ﾠthe	 ﾠfastest	 ﾠspeed	 ﾠand	 ﾠ
much	 ﾠgreater	 ﾠvariance	 ﾠat	 ﾠlow	 ﾠtarget	 ﾠspeeds.	 ﾠThe	 ﾠchoice	 ﾠof	 ﾠtarget	 ﾠspeed	 ﾠdiffered	 ﾠhowever	 ﾠbetween	 ﾠ
subjects	 ﾠand	 ﾠthis	 ﾠchoice	 ﾠwas	 ﾠrelatively	 ﾠstable	 ﾠdemonstrated	 ﾠby	 ﾠthe	 ﾠsubject-ﾭ‐by-ﾭ‐subject	 ﾠcorrelation	 ﾠ
between	 ﾠthe	 ﾠslowest	 ﾠtarget	 ﾠspeed	 ﾠand	 ﾠthe	 ﾠother	 ﾠslow	 ﾠtarget	 ﾠspeed	 ﾠconditions	 ﾠ(900	 ﾠ-ﾭ‐700,	 ﾠr(16)=0.894,	 ﾠ
p<0.001;	 ﾠ	 ﾠ900-ﾭ‐500,	 ﾠr(16)=0.868,	 ﾠp<0.001).	 ﾠBecause	 ﾠthe	 ﾠconstraint	 ﾠof	 ﾠmoving	 ﾠvery	 ﾠfast	 ﾠin	 ﾠthe	 ﾠ300ms	 ﾠ









4.3.2.  Movement	 ﾠchanges	 ﾠduring	 ﾠtraining	 ﾠ	 ﾠ
Over	 ﾠthe	 ﾠthree	 ﾠdays	 ﾠof	 ﾠtraining,	 ﾠparticipants	 ﾠreduced	 ﾠthe	 ﾠvariability	 ﾠof	 ﾠpeak	 ﾠmovement	 ﾠspeed	 ﾠ
(Fig	 ﾠ4.2B).	 ﾠA	 ﾠtwo-ﾭ‐way	 ﾠrmANOVA	 ﾠon	 ﾠthe	 ﾠstandard-ﾭ‐deviation	 ﾠof	 ﾠthe	 ﾠmaximal	 ﾠspeed	 ﾠfrom	 ﾠthe	 ﾠfirst	 ﾠto	 ﾠ
the	 ﾠthird	 ﾠday,	 ﾠwith	 ﾠthe	 ﾠfactors	 ﾠGROUP	 ﾠ(fast	 ﾠvs.	 ﾠslow)	 ﾠand	 ﾠTIME	 ﾠ(first	 ﾠvs.	 ﾠthird	 ﾠtraining	 ﾠday)	 ﾠshowed	 ﾠa	 ﾠ
significant	 ﾠeffect	 ﾠof	 ﾠTIME	 ﾠ(F(1,16)=	 ﾠ53.451,<0.001).	 ﾠSimultaneously,	 ﾠparticipants	 ﾠalso	 ﾠshowed	 ﾠa	 ﾠ
significant	 ﾠimprovement	 ﾠof	 ﾠtheir	 ﾠmovement	 ﾠerror	 ﾠ(Fig	 ﾠ4.2C;	 ﾠF(1,16)=	 ﾠ34.708,	 ﾠp<0.001)	 ﾠin	 ﾠthe	 ﾠsame	 ﾠtype	 ﾠ
of	 ﾠrmANOVA	 ﾠwhich	 ﾠwas	 ﾠsimilar	 ﾠin	 ﾠthe	 ﾠslow	 ﾠand	 ﾠfast	 ﾠtraining	 ﾠgroup.	 ﾠ	 ﾠ
For	 ﾠthe	 ﾠfast	 ﾠgroup,	 ﾠthe	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠremained	 ﾠrelatively	 ﾠconstant	 ﾠover	 ﾠthe	 ﾠ3	 ﾠ
days	 ﾠ(Fig	 ﾠ4.2D),	 ﾠwhereas	 ﾠit	 ﾠdecreased	 ﾠslightly	 ﾠin	 ﾠthe	 ﾠslow	 ﾠgroup,	 ﾠresulting	 ﾠin	 ﾠa	 ﾠsignificant	 ﾠeffect	 ﾠof	 ﾠ
GROUP	 ﾠ(F(1.16)=75.976,	 ﾠp<=0.001)	 ﾠand	 ﾠa	 ﾠTIME	 ﾠx	 ﾠGROUP	 ﾠinteraction	 ﾠ(F(1.16)=5.762,p=0.029)	 ﾠand	 ﾠa	 ﾠ
marginally	 ﾠsignificant	 ﾠeffect	 ﾠof	 ﾠTIME	 ﾠ(F(1,8)=5.021,	 ﾠp=0.055).	 ﾠThis	 ﾠis	 ﾠprobably	 ﾠbecause	 ﾠthe	 ﾠslow	 ﾠgroup	 ﾠ
moved	 ﾠat	 ﾠtheir	 ﾠpreferred	 ﾠspeed	 ﾠat	 ﾠthe	 ﾠbeginning	 ﾠof	 ﾠtraining	 ﾠand	 ﾠwaited	 ﾠat	 ﾠthe	 ﾠend	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠ
for	 ﾠthe	 ﾠreappearance	 ﾠof	 ﾠthe	 ﾠcursor.	 ﾠOver	 ﾠthe	 ﾠtraining	 ﾠdays	 ﾠthey	 ﾠabandoned	 ﾠthis	 ﾠ“move	 ﾠand	 ﾠwait”	 ﾠ
strategy	 ﾠand	 ﾠslowed	 ﾠdown	 ﾠtheir	 ﾠmovements.	 ﾠThis	 ﾠstrategy	 ﾠwas	 ﾠnot	 ﾠavailable	 ﾠto	 ﾠthe	 ﾠfast	 ﾠgroup	 ﾠwho	 ﾠ
were	 ﾠmoving	 ﾠat	 ﾠclose	 ﾠto	 ﾠtheir	 ﾠmaximum	 ﾠspeed	 ﾠanyway.	 ﾠ
The	 ﾠinterval	 ﾠbetween	 ﾠthe	 ﾠonset	 ﾠof	 ﾠeach	 ﾠmovement	 ﾠwas	 ﾠmatched	 ﾠbetween	 ﾠconditions.	 ﾠSince	 ﾠ
the	 ﾠpercentage	 ﾠof	 ﾠcorrect	 ﾠmovements	 ﾠdid	 ﾠnot	 ﾠdiffer,	 ﾠthe	 ﾠaverage	 ﾠrate	 ﾠof	 ﾠreward	 ﾠduring	 ﾠthe	 ﾠtraining	 ﾠ





Figure	 ﾠ4.2.	 ﾠReaching	 ﾠperformance	 ﾠduring	 ﾠtraining	 ﾠdays	 ﾠ(Day	 ﾠ2-ﾭ‐4).	 ﾠA)	 ﾠDiagram	 ﾠof	 ﾠexperiment	 ﾠ
with	 ﾠtarget	 ﾠplaced	 ﾠ25cm	 ﾠdirectly	 ﾠin	 ﾠfront	 ﾠof	 ﾠparticipants,	 ﾠand	 ﾠbulls-ﾭ‐eye	 ﾠscoring	 ﾠsystem.	 ﾠB-ﾭ‐D)	 ﾠ
show	 ﾠhow	 ﾠperformance	 ﾠin	 ﾠthe	 ﾠtraining	 ﾠblocks	 ﾠ(9	 ﾠper	 ﾠday)	 ﾠchanges	 ﾠover	 ﾠthe	 ﾠthree	 ﾠdays	 ﾠin	 ﾠthe	 ﾠ
fast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠB)	 ﾠVariability	 ﾠ(SD)	 ﾠof	 ﾠpeak	 ﾠmovement	 ﾠspeed;	 ﾠC)	 ﾠroot	 ﾠ
mean	 ﾠsquare	 ﾠendpoint	 ﾠerror;	 ﾠand	 ﾠD)	 ﾠmean	 ﾠpeak	 ﾠmovement	 ﾠspeed.	 ﾠ
	 ﾠ	 ﾠ
4.3.3. Influence	 ﾠof	 ﾠtraining	 ﾠon	 ﾠmovement	 ﾠspeed	 ﾠ	 ﾠ
Before	 ﾠand	 ﾠafter	 ﾠthe	 ﾠthree	 ﾠdays	 ﾠof	 ﾠtraining,	 ﾠperformance	 ﾠwas	 ﾠtested	 ﾠat	 ﾠ4	 ﾠdifferent	 ﾠspeeds	 ﾠby	 ﾠ
changing	 ﾠthe	 ﾠtime	 ﾠat	 ﾠwhich	 ﾠthe	 ﾠcursor	 ﾠreappeared	 ﾠ(300,	 ﾠ500,	 ﾠ700,	 ﾠ900	 ﾠms).	 ﾠFig	 ﾠ4.3A	 ﾠand	 ﾠ4.3B	 ﾠshows	 ﾠ
that	 ﾠparticipants	 ﾠadapted	 ﾠpeak	 ﾠvelocity	 ﾠto	 ﾠmatch	 ﾠthe	 ﾠtime	 ﾠavailable	 ﾠfor	 ﾠmoving.	 ﾠ	 ﾠ
By	 ﾠthe	 ﾠend	 ﾠof	 ﾠtraining,	 ﾠparticipants	 ﾠhad	 ﾠdeveloped	 ﾠa	 ﾠbias	 ﾠtowards	 ﾠthe	 ﾠtrained	 ﾠspeed.	 ﾠThe	 ﾠfast	 ﾠ
group	 ﾠ(Fig	 ﾠ4.3A)	 ﾠmoved	 ﾠquicker	 ﾠat	 ﾠall	 ﾠspeeds	 ﾠexcept	 ﾠthe	 ﾠhighest	 ﾠmovement	 ﾠspeed,	 ﾠwhere	 ﾠfaster	 ﾠ
movements	 ﾠwere	 ﾠdifficult.	 ﾠThe	 ﾠslow	 ﾠgroup	 ﾠ(Fig	 ﾠ4.3B)	 ﾠmoved	 ﾠmore	 ﾠslowly	 ﾠat	 ﾠall	 ﾠspeeds	 ﾠexcept	 ﾠthe	 ﾠ
highest	 ﾠmovement	 ﾠspeed	 ﾠwhere	 ﾠlower	 ﾠmovement	 ﾠspeeds	 ﾠwould	 ﾠlead	 ﾠto	 ﾠtask	 ﾠfailure.	 ﾠThis	 ﾠwas	 ﾠ
confirmed	 ﾠin	 ﾠa	 ﾠtwo-ﾭ‐way	 ﾠrmANOVA	 ﾠon	 ﾠthe	 ﾠchange	 ﾠin	 ﾠmovement	 ﾠspeed	 ﾠ(Fig	 ﾠ4.3C)	 ﾠfrom	 ﾠpre-ﾭ‐	 ﾠto	 ﾠpost-ﾭ‐
test.	 ﾠThere	 ﾠwas	 ﾠno	 ﾠsignificant	 ﾠdifference	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠbefore	 ﾠtraining	 ﾠbetween	 ﾠthe	 ﾠgroups.	 ﾠ
There	 ﾠwas	 ﾠa	 ﾠsignificant	 ﾠmain	 ﾠeffect	 ﾠof	 ﾠTRAINING	 ﾠGROUP	 ﾠ(slow	 ﾠvs.	 ﾠfast)	 ﾠ(F(1,	 ﾠ16)=9.597;	 ﾠp<0.007),	 ﾠas	 ﾠ
well	 ﾠas	 ﾠa	 ﾠsignificant	 ﾠGROUP	 ﾠx	 ﾠTARGET	 ﾠSPEED	 ﾠinteraction	 ﾠ(F(1.932,	 ﾠ30.91)=3.415;	 ﾠp=0.047).	 ﾠThis	 ﾠinteraction	 ﾠ




rmANOVA	 ﾠfor	 ﾠthe	 ﾠuntrained	 ﾠmovements	 ﾠspeed	 ﾠ(500ms	 ﾠand	 ﾠ700ms)	 ﾠalso	 ﾠyielded	 ﾠa	 ﾠsignificant	 ﾠGROUP	 ﾠ
x	 ﾠTARGET	 ﾠSPEED	 ﾠinteraction	 ﾠ(F(1,16)=11,172;	 ﾠ	 ﾠp=0.004)	 ﾠas	 ﾠwell	 ﾠas	 ﾠa	 ﾠsignificant	 ﾠeffect	 ﾠof	 ﾠGROUP	 ﾠ(F(1,	 ﾠ
16)=1.436;	 ﾠp=0.011).	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ4.3.	 ﾠ	 ﾠComparison	 ﾠof	 ﾠchanges	 ﾠin	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠA-ﾭ‐C)	 ﾠdue	 ﾠto	 ﾠtraining.	 ﾠA)	 ﾠ
data	 ﾠfrom	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠmovement	 ﾠ
times	 ﾠof	 ﾠ900,	 ﾠ700,	 ﾠ500	 ﾠand	 ﾠ300ms.	 ﾠB)	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠmeasures.	 ﾠPlot	 ﾠC)	 ﾠ	 ﾠplots	 ﾠpre-ﾭ‐post	 ﾠ
change	 ﾠscores	 ﾠof	 ﾠmaximum	 ﾠspeed.
	 ﾠ
Training	 ﾠdid	 ﾠnot	 ﾠonly	 ﾠalter	 ﾠpeak	 ﾠvelocity,	 ﾠbut	 ﾠalso	 ﾠthe	 ﾠvelocity	 ﾠprofile	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠ(Fig	 ﾠ
4.4).	 ﾠ	 ﾠThe	 ﾠprofiles	 ﾠfor	 ﾠthe	 ﾠslowest	 ﾠmovement	 ﾠtimes	 ﾠwere	 ﾠhighly	 ﾠskewed	 ﾠbefore	 ﾠtraining	 ﾠ
demonstrating	 ﾠthat	 ﾠparticipants	 ﾠmoved	 ﾠand	 ﾠthen	 ﾠwaited	 ﾠfor	 ﾠthe	 ﾠend	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠtime	 ﾠat	 ﾠthe	 ﾠ
target.	 ﾠTraining	 ﾠat	 ﾠthe	 ﾠslow	 ﾠspeed	 ﾠled	 ﾠto	 ﾠmore	 ﾠsymmetric	 ﾠvelocity	 ﾠprofiles	 ﾠby	 ﾠdelaying	 ﾠthe	 ﾠtime	 ﾠof	 ﾠ
peak	 ﾠspeed	 ﾠ(Fig	 ﾠ4.4E-ﾭ‐H).	 ﾠThis	 ﾠwas	 ﾠnot	 ﾠthe	 ﾠcase	 ﾠfor	 ﾠthe	 ﾠgroup	 ﾠthat	 ﾠtrained	 ﾠat	 ﾠthe	 ﾠfast	 ﾠspeed	 ﾠ(Fig	 ﾠ4.4A-ﾭ‐
D).	 ﾠThe	 ﾠtime	 ﾠat	 ﾠwhich	 ﾠpeak	 ﾠspeed	 ﾠwas	 ﾠreached	 ﾠexhibited	 ﾠa	 ﾠsignificant	 ﾠGROUP	 ﾠx	 ﾠTARGET	 ﾠSPEED	 ﾠ




Figure	 ﾠ4.4.	 ﾠ	 ﾠChanges	 ﾠto	 ﾠvelocity	 ﾠprofiles	 ﾠinduced	 ﾠby	 ﾠtraining.	 ﾠGroup	 ﾠaverage	 ﾠ(+/-ﾭ‐	 ﾠSD	 ﾠof	 ﾠ
individuals)	 ﾠof:	 ﾠA-ﾭ‐D)	 ﾠfast	 ﾠand	 ﾠE-ﾭ‐H)	 ﾠslow	 ﾠgroup	 ﾠat	 ﾠ300ms:	 ﾠA+E,	 ﾠ500ms:	 ﾠB+F,	 ﾠ700ms:	 ﾠC+G	 ﾠand	 ﾠ
900ms:	 ﾠD+H.	 ﾠ
	 ﾠ	 ﾠ
Reduced	 ﾠvariability	 ﾠof	 ﾠpeak	 ﾠspeed	 ﾠobserved	 ﾠduring	 ﾠtraining	 ﾠ(Fig	 ﾠ4.2C)	 ﾠwas	 ﾠalso	 ﾠevident	 ﾠwhen	 ﾠ
inspecting	 ﾠthe	 ﾠpre-ﾭ‐	 ﾠand	 ﾠpost-ﾭ‐training	 ﾠperformance.	 ﾠInterestingly,	 ﾠthe	 ﾠreduction	 ﾠwas	 ﾠspecific	 ﾠto	 ﾠthe	 ﾠ
trained	 ﾠspeed.	 ﾠThe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠreduced	 ﾠthe	 ﾠvariability	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠmostly	 ﾠfor	 ﾠthe	 ﾠ
higher	 ﾠspeeds	 ﾠ(Fig	 ﾠ4.5A),	 ﾠwhereas	 ﾠthe	 ﾠslow	 ﾠgroup	 ﾠdecreased	 ﾠit	 ﾠmostly	 ﾠfor	 ﾠthe	 ﾠlower	 ﾠspeeds	 ﾠ(Fig	 ﾠ4.5B).	 ﾠ
Despite	 ﾠthe	 ﾠapparent	 ﾠdifference	 ﾠfor	 ﾠthe	 ﾠlevel	 ﾠof	 ﾠspeed	 ﾠvariability	 ﾠprior	 ﾠto	 ﾠtraining,	 ﾠthese	 ﾠdifferences	 ﾠ
did	 ﾠnot	 ﾠreach	 ﾠstatistical	 ﾠsignificance	 ﾠin	 ﾠa	 ﾠ2wrmANOVA	 ﾠ(MT(4)*Group(2))	 ﾠThis	 ﾠtraining-ﾭ‐specific	 ﾠeffect	 ﾠ
can	 ﾠbe	 ﾠseen	 ﾠmost	 ﾠclearly	 ﾠin	 ﾠthe	 ﾠpre-ﾭ‐	 ﾠto	 ﾠpost-ﾭ‐test	 ﾠdifference	 ﾠplots	 ﾠ(Fig	 ﾠ4.5C).	 ﾠA	 ﾠ2	 ﾠfactor	 ﾠrmANOVA	 ﾠ
confirmed	 ﾠthat	 ﾠthere	 ﾠwas	 ﾠa	 ﾠhighly	 ﾠsignificant	 ﾠGROUP	 ﾠx	 ﾠSPEED	 ﾠinteraction	 ﾠ(F(3,48)=5.047,	 ﾠp=0.004).	 ﾠ
Between	 ﾠgroup,	 ﾠpost-ﾭ‐hoc	 ﾠt-ﾭ‐tests	 ﾠon	 ﾠthe	 ﾠreduction	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠwas	 ﾠsignificantly	 ﾠ
changed	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠ(t(16)=-ﾭ‐2.570;	 ﾠp=0.021)	 ﾠand	 ﾠshowed	 ﾠa	 ﾠtrend	 ﾠ	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠ	 ﾠgroup	 ﾠ
(t(16)=-ﾭ‐2.037;	 ﾠp=0.059).	 ﾠThe	 ﾠcombination	 ﾠof	 ﾠa	 ﾠtraining-ﾭ‐dependent	 ﾠmovement	 ﾠspeed	 ﾠbias	 ﾠand	 ﾠa	 ﾠspecific	 ﾠ
reduction	 ﾠin	 ﾠspeed	 ﾠvariability	 ﾠsuggests	 ﾠa	 ﾠsimilar	 ﾠmechanisms	 ﾠas	 ﾠhas	 ﾠbeen	 ﾠobserved	 ﾠfor	 ﾠtraining	 ﾠ





Figure	 ﾠ4.5.	 ﾠ	 ﾠComparison	 ﾠof	 ﾠchanges	 ﾠin	 ﾠmaximum	 ﾠspeed	 ﾠvariability	 ﾠdue	 ﾠto	 ﾠtraining.	 ﾠA)	 ﾠdata	 ﾠ
from	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠmovement	 ﾠtimes	 ﾠ
of	 ﾠ900,	 ﾠ700,	 ﾠ500	 ﾠand	 ﾠ300ms.	 ﾠB)	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠmeasures.	 ﾠPlot	 ﾠC)	 ﾠplots	 ﾠpre-ﾭ‐post	 ﾠchange	 ﾠ
scores	 ﾠof	 ﾠmaximum	 ﾠspeed	 ﾠvariability.	 ﾠ
 ﾠ
4.3.4.  Endpoint	 ﾠaccuracy	 ﾠ
Movement	 ﾠaccuracy	 ﾠimproved	 ﾠwith	 ﾠtraining.	 ﾠWhen	 ﾠseparated	 ﾠinto	 ﾠparallel	 ﾠand	 ﾠ
perpendicular	 ﾠcomponents,	 ﾠI	 ﾠfound	 ﾠthat	 ﾠparallel	 ﾠerror	 ﾠ(Fig	 ﾠ4.7	 ﾠB,C,E)	 ﾠdecreased,	 ﾠparticularly	 ﾠfor	 ﾠthe	 ﾠ
fastest	 ﾠmovements	 ﾠin	 ﾠthe	 ﾠfast	 ﾠgroup	 ﾠ(Fig	 ﾠ4.7B).	 ﾠAn	 ﾠrmANOVA	 ﾠon	 ﾠthe	 ﾠpre-ﾭ‐post	 ﾠdifferences	 ﾠ(Fig	 ﾠ4.7D)	 ﾠ
confirmed	 ﾠa	 ﾠsignificant	 ﾠTRAINING	 ﾠGROUP	 ﾠx	 ﾠTARGET	 ﾠSPEED	 ﾠinteraction	 ﾠ(F(3,48)=9.164,	 ﾠ<p=0.001)	 ﾠwith	 ﾠa	 ﾠ
post-ﾭ‐hoc	 ﾠt-ﾭ‐test	 ﾠshowing	 ﾠthat	 ﾠthe	 ﾠimprovement	 ﾠwas	 ﾠsignificantly	 ﾠgreater	 ﾠin	 ﾠthe	 ﾠfast	 ﾠthan	 ﾠthe	 ﾠslow	 ﾠ
group	 ﾠfor	 ﾠthe	 ﾠfastest	 ﾠtarget	 ﾠspeeds	 ﾠ(t(16)=-ﾭ‐2.739;	 ﾠp=0.013).	 ﾠFor	 ﾠthe	 ﾠshortest	 ﾠmovement	 ﾠduration,	 ﾠthe	 ﾠ
parallel	 ﾠerror	 ﾠcorrelated	 ﾠstrongly	 ﾠwith	 ﾠthe	 ﾠmovement	 ﾠspeed	 ﾠon	 ﾠa	 ﾠtrial-ﾭ‐by-ﾭ‐trial	 ﾠbasis	 ﾠ(Fig	 ﾠ4.6),	 ﾠsuch	 ﾠ
that	 ﾠslow	 ﾠmovement	 ﾠundershot	 ﾠand	 ﾠfast	 ﾠmovement	 ﾠovershot	 ﾠthe	 ﾠtarget	 ﾠ(r	 ﾠ=	 ﾠ0.795,	 ﾠ±-ﾭ‐0.061	 ﾠ(SEM)).	 ﾠ
Therefore	 ﾠreductions	 ﾠin	 ﾠspeed	 ﾠvariability	 ﾠwould	 ﾠautomatically	 ﾠlead	 ﾠto	 ﾠreduced	 ﾠparallel	 ﾠerror.	 ﾠIndeed,	 ﾠ
on	 ﾠa	 ﾠsubject-ﾭ‐by-ﾭ‐subject	 ﾠlevel,	 ﾠreductions	 ﾠin	 ﾠthe	 ﾠvariability	 ﾠof	 ﾠthe	 ﾠparallel	 ﾠerror	 ﾠwere	 ﾠsignificant	 ﾠ





Figure	 ﾠ4.6.	 ﾠCorrelation	 ﾠof	 ﾠmaximal	 ﾠmovement	 ﾠspeed	 ﾠfor	 ﾠeach	 ﾠreaching	 ﾠmovement	 ﾠand	 ﾠcorresponding	 ﾠ
under-ﾭ‐	 ﾠor	 ﾠovershoot	 ﾠbefore	 ﾠ(blue)	 ﾠor	 ﾠafter	 ﾠ(red)	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed.	 ﾠAdditionally	 ﾠ
frequency	 ﾠof	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠparallel	 ﾠerror	 ﾠrange	 ﾠis	 ﾠdepicted	 ﾠand	 ﾠhow	 ﾠthis	 ﾠchanges	 ﾠ
with	 ﾠtraining.	 ﾠ
Perpendicular	 ﾠerror	 ﾠwas	 ﾠalso	 ﾠreduced	 ﾠafter	 ﾠtraining	 ﾠin	 ﾠboth	 ﾠgroups	 ﾠ(Fig	 ﾠ4.7E-ﾭ‐F)	 ﾠdemonstrated	 ﾠ
by	 ﾠa	 ﾠsignificant	 ﾠeffect	 ﾠof	 ﾠTIME	 ﾠin	 ﾠtwo-ﾭ‐way	 ﾠrmANOVAs	 ﾠon	 ﾠthe	 ﾠpre-ﾭ‐post	 ﾠdata	 ﾠ(F(1,16)=58.099,	 ﾠp<0.001).	 ﾠ	 ﾠ
	 ﾠ
	 ﾠFigure	 ﾠ4.7.	 ﾠReaching	 ﾠaccuracy	 ﾠchanges	 ﾠafter	 ﾠtraining.	 ﾠA1)	 ﾠExperimental	 ﾠdisplay	 ﾠduring	 ﾠpre-ﾭ‐
and	 ﾠpost-ﾭ‐testing.	 ﾠA2-ﾭ‐3)	 ﾠDetermining	 ﾠparallel	 ﾠand	 ﾠperpendicular	 ﾠError.	 ﾠB-ﾭ‐D)	 ﾠMeasures	 ﾠof	 ﾠ
parallel	 ﾠerror	 ﾠand	 ﾠE-ﾭ‐G)	 ﾠperpendicular	 ﾠerror	 ﾠat	 ﾠeach	 ﾠof	 ﾠthe	 ﾠ4	 ﾠmovement	 ﾠtimes	 ﾠbefore	 ﾠ
(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining.	 ﾠB&C)	 ﾠparallel	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠand	 ﾠslow	 ﾠtraining	 ﾠgroups	 ﾠ
respectively;	 ﾠE&F)	 ﾠperpendicular	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠand	 ﾠslow	 ﾠtraining	 ﾠgroups.	 ﾠD&G)	 ﾠpre-ﾭ‐post	 ﾠ




The	 ﾠimprovement	 ﾠwas	 ﾠparticularly	 ﾠevident	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠwhen	 ﾠmoving	 ﾠat	 ﾠthe	 ﾠ
longest	 ﾠmovement	 ﾠtimes	 ﾠ(t(8)=-ﾭ‐2.836;	 ﾠp=0.022).	 ﾠThe	 ﾠlatter	 ﾠwas	 ﾠconfirmed	 ﾠby	 ﾠa	 ﾠtwo-ﾭ‐way	 ﾠrmANOVA	 ﾠon	 ﾠ
the	 ﾠpre-ﾭ‐post	 ﾠtraining	 ﾠchange	 ﾠ(Fig	 ﾠ4.7G)	 ﾠshowing	 ﾠa	 ﾠTRAINING	 ﾠGROUP	 ﾠx	 ﾠTARGET	 ﾠSPEED	 ﾠinteraction	 ﾠ
(F(1.798,	 ﾠ28.762)=4.158,	 ﾠp=0.030). ﾠ
 ﾠ
4.3.5.  Generalisation	 ﾠto	 ﾠanother	 ﾠmovement	 ﾠdirection	 ﾠ
Finally,	 ﾠI	 ﾠassessed	 ﾠhow	 ﾠtraining	 ﾠchanged	 ﾠpreferred	 ﾠspeed	 ﾠand	 ﾠendpoint	 ﾠaccuracy	 ﾠfor	 ﾠ
movements	 ﾠaimed	 ﾠat	 ﾠa	 ﾠtarget	 ﾠthat	 ﾠwas	 ﾠ45	 ﾠdegrees	 ﾠclockwise	 ﾠto	 ﾠthe	 ﾠtrained	 ﾠdirection	 ﾠ(Fig	 ﾠ4.8A).	 ﾠ
Figure	 ﾠ8B	 ﾠshows	 ﾠthat,	 ﾠcompared	 ﾠwith	 ﾠthe	 ﾠbaseline	 ﾠ(pre-ﾭ‐training)	 ﾠdata,	 ﾠmovements	 ﾠat	 ﾠall	 ﾠtarget	 ﾠ
speeds	 ﾠwere	 ﾠslower	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠand	 ﾠfaster	 ﾠin	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠwith	 ﾠa	 ﾠsignificant	 ﾠ
effect	 ﾠof	 ﾠTRAINING	 ﾠGROUP	 ﾠ(F(1,16)=	 ﾠ11.391,	 ﾠp=	 ﾠ0.004).	 ﾠ	 ﾠPeak	 ﾠspeed	 ﾠvariability	 ﾠwas	 ﾠalso	 ﾠreduced	 ﾠin	 ﾠthe	 ﾠ
new	 ﾠdirection	 ﾠ(significant	 ﾠeffect	 ﾠof	 ﾠTIME,	 ﾠF(1,16)=8.664,	 ﾠp=0.010),	 ﾠbut	 ﾠto	 ﾠa	 ﾠlesser	 ﾠdegree	 ﾠthan	 ﾠin	 ﾠthe	 ﾠ
trained	 ﾠdirection	 ﾠ(Fig	 ﾠ4.8C).	 ﾠ	 ﾠ	 ﾠ	 ﾠ
Analysis	 ﾠof	 ﾠthe	 ﾠparallel	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠerror	 ﾠ(Fig	 ﾠ4.8D)	 ﾠdemonstrated	 ﾠan	 ﾠeffect	 ﾠof	 ﾠGROUP	 ﾠ
(F(1,16)=4.227,	 ﾠp=0.056).	 ﾠ	 ﾠThe	 ﾠfast	 ﾠgroup	 ﾠsignificantly	 ﾠimproved	 ﾠtheir	 ﾠparallel	 ﾠerror	 ﾠat	 ﾠthe	 ﾠfast	 ﾠ
movement	 ﾠspeed	 ﾠ(post-ﾭ‐hoc	 ﾠt-ﾭ‐test:	 ﾠt(16)=-ﾭ‐2.492;	 ﾠp=0.024).	 ﾠIn	 ﾠcontrast,	 ﾠthe	 ﾠperpendicular	 ﾠerror	 ﾠ(Fig	 ﾠ
4.8E)	 ﾠshowed	 ﾠonly	 ﾠsmall,	 ﾠnon-ﾭ‐significant	 ﾠimprovement	 ﾠfor	 ﾠboth	 ﾠgroups,	 ﾠsuggesting	 ﾠthat	 ﾠthe	 ﾠacquired	 ﾠ







	 ﾠFigure	 ﾠ4.8.	 ﾠTransfer	 ﾠof	 ﾠperformance	 ﾠto	 ﾠa	 ﾠtarget	 ﾠrotated	 ﾠ45	 ﾠdegrees	 ﾠclockwise	 ﾠ(A).	 ﾠB)	 ﾠpre-ﾭ‐post	 ﾠ
change	 ﾠin	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠin	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroups;	 ﾠC)	 ﾠ
endpoint	 ﾠerror;	 ﾠD)	 ﾠperpendicular	 ﾠerror;	 ﾠand	 ﾠE)	 ﾠparallel	 ﾠerror.	 ﾠ	 ﾠ
	 ﾠ





In	 ﾠexperiment	 ﾠ1	 ﾠI	 ﾠexplored	 ﾠwhether	 ﾠa	 ﾠprotocol	 ﾠof	 ﾠintensive	 ﾠreaching	 ﾠpractice	 ﾠin	 ﾠa	 ﾠrobotic	 ﾠ
manipulandum	 ﾠwas	 ﾠable	 ﾠto	 ﾠdemonstrate	 ﾠskill	 ﾠlearning.	 ﾠTraining	 ﾠwas	 ﾠdelivered	 ﾠeither	 ﾠwith	 ﾠan	 ﾠ
emphasis	 ﾠon	 ﾠhigh	 ﾠor	 ﾠlow	 ﾠmovement	 ﾠvelocity	 ﾠand	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠthis	 ﾠtraining	 ﾠon	 ﾠtraining-ﾭ‐speed-ﾭ‐specific	 ﾠ
reaching	 ﾠand	 ﾠgeneralisation	 ﾠto	 ﾠother	 ﾠnon-ﾭ‐trained	 ﾠspeeds	 ﾠwas	 ﾠinvestigated.	 ﾠI	 ﾠpiloted	 ﾠthis	 ﾠprotocol	 ﾠin	 ﾠ
healthy	 ﾠindividuals	 ﾠbefore	 ﾠusing	 ﾠit	 ﾠin	 ﾠstroke	 ﾠsubjects,	 ﾠwhere	 ﾠrepetitive	 ﾠreaching	 ﾠtraining	 ﾠwould	 ﾠbe	 ﾠ
functionally	 ﾠbeneficial	 ﾠand	 ﾠrelevant.	 ﾠThe	 ﾠimprovement	 ﾠin	 ﾠendpoint	 ﾠaccuracy	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠreduction	 ﾠ
in	 ﾠkinematic	 ﾠvariability	 ﾠdemonstrated,	 ﾠthat	 ﾠthis	 ﾠtraining	 ﾠwas	 ﾠable	 ﾠto	 ﾠinduce	 ﾠlearning	 ﾠdetectable	 ﾠin	 ﾠ
speed-ﾭ‐accuracy	 ﾠtrade-ﾭ‐off	 ﾠplots.	 ﾠHowever,	 ﾠI	 ﾠmade	 ﾠan	 ﾠunexpected	 ﾠinteresting	 ﾠfinding	 ﾠthat	 ﾠtraining	 ﾠ
speed	 ﾠinfluenced	 ﾠthe	 ﾠchoice	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠin	 ﾠconsecutive	 ﾠreaches.	 ﾠ
The	 ﾠpresent	 ﾠresults	 ﾠsuggest	 ﾠthat	 ﾠthe	 ﾠspeed	 ﾠwith	 ﾠwhich	 ﾠpeople	 ﾠmove	 ﾠis	 ﾠnot	 ﾠsolely	 ﾠdetermined	 ﾠ
by	 ﾠan	 ﾠoptimality	 ﾠcriterion	 ﾠthat	 ﾠcombines	 ﾠtask	 ﾠconstraints,	 ﾠthe	 ﾠreward	 ﾠvalue	 ﾠof	 ﾠthe	 ﾠtarget,	 ﾠand	 ﾠ
intrinsic	 ﾠcosts	 ﾠof	 ﾠmovement	 ﾠ(Todorov	 ﾠand	 ﾠJordan,	 ﾠ2002).	 ﾠInstead,	 ﾠthe	 ﾠchoice	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠis	 ﾠ
partly	 ﾠhabitual,	 ﾠdepending	 ﾠon	 ﾠprior	 ﾠexperience	 ﾠand	 ﾠmodifiable	 ﾠthrough	 ﾠprolonged	 ﾠtraining	 ﾠat	 ﾠa	 ﾠ
specific	 ﾠspeed.	 ﾠThe	 ﾠexperiments	 ﾠused	 ﾠa	 ﾠstandard	 ﾠcentre-ﾭ‐out	 ﾠreaching	 ﾠtask,	 ﾠin	 ﾠwhich	 ﾠmovement	 ﾠ
speed	 ﾠwas	 ﾠasymmetrically	 ﾠconstrained:	 ﾠthe	 ﾠcursor	 ﾠindicating	 ﾠhand	 ﾠposition	 ﾠwas	 ﾠremoved	 ﾠat	 ﾠthe	 ﾠstart	 ﾠ
of	 ﾠmovement	 ﾠand	 ﾠwas	 ﾠredisplayed	 ﾠafter	 ﾠ300-ﾭ‐900ms	 ﾠas	 ﾠa	 ﾠstationary	 ﾠcursor	 ﾠthat	 ﾠindicated	 ﾠthe	 ﾠend	 ﾠ
point.	 ﾠIf	 ﾠthe	 ﾠcursor	 ﾠappeared,	 ﾠfor	 ﾠexample	 ﾠafter	 ﾠ500ms,	 ﾠthen	 ﾠmovements	 ﾠthat	 ﾠwere	 ﾠtoo	 ﾠslow	 ﾠand	 ﾠhad	 ﾠ
not	 ﾠreached	 ﾠthe	 ﾠtarget	 ﾠby	 ﾠthat	 ﾠtime	 ﾠwould	 ﾠbe	 ﾠpenalised	 ﾠfor	 ﾠundershooting.	 ﾠHowever,	 ﾠmaximum	 ﾠ
speed	 ﾠwas	 ﾠnot	 ﾠspecified.	 ﾠFast	 ﾠmovements	 ﾠarrive	 ﾠearly	 ﾠat	 ﾠthe	 ﾠend	 ﾠpoint,	 ﾠand	 ﾠthe	 ﾠonly	 ﾠconsequence	 ﾠis	 ﾠ
that	 ﾠparticipants	 ﾠhave	 ﾠto	 ﾠwait	 ﾠa	 ﾠshort	 ﾠtime	 ﾠbefore	 ﾠthe	 ﾠcursor	 ﾠreappears.	 ﾠThus,	 ﾠthis	 ﾠmethod	 ﾠeffectively	 ﾠ
enforces	 ﾠa	 ﾠminimum	 ﾠmovement	 ﾠspeed,	 ﾠwhile	 ﾠleaving	 ﾠparticipants	 ﾠfree	 ﾠto	 ﾠchoose	 ﾠas	 ﾠfast	 ﾠa	 ﾠspeed	 ﾠas	 ﾠ
they	 ﾠare	 ﾠcomfortable	 ﾠwith.	 ﾠ	 ﾠThis	 ﾠredundancy	 ﾠallowed	 ﾠme	 ﾠto	 ﾠmeasure	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠthe	 ﾠpreferred	 ﾠ
(or	 ﾠhabitual)	 ﾠmovement	 ﾠspeed.	 ﾠWhile	 ﾠI	 ﾠcould	 ﾠhave	 ﾠalso	 ﾠused	 ﾠa	 ﾠtask	 ﾠin	 ﾠwhich	 ﾠI	 ﾠsimply	 ﾠasked	 ﾠpeople	 ﾠto	 ﾠ




susceptible	 ﾠto	 ﾠinfluences	 ﾠof	 ﾠtask	 ﾠinstructions.	 ﾠI	 ﾠtherefore	 ﾠused	 ﾠthis	 ﾠpartly-ﾭ‐constrained	 ﾠversion,	 ﾠwhich	 ﾠ
also	 ﾠallowed	 ﾠme	 ﾠto	 ﾠtest	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠan	 ﾠacquired	 ﾠhabitual	 ﾠspeed	 ﾠacross	 ﾠdifferent	 ﾠspeed	 ﾠ
constraints.	 ﾠ	 ﾠ	 ﾠ
After	 ﾠtraining,	 ﾠparticipants	 ﾠwere	 ﾠtested	 ﾠat	 ﾠmovement	 ﾠspeeds	 ﾠthat	 ﾠhad	 ﾠnot	 ﾠbeen	 ﾠtrained.	 ﾠI	 ﾠ
observed	 ﾠthat	 ﾠtheir	 ﾠpreferred	 ﾠspeed	 ﾠwas	 ﾠaltered:	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠmoved	 ﾠfaster	 ﾠand	 ﾠthe	 ﾠslow	 ﾠ
training	 ﾠgroup	 ﾠslower.	 ﾠThis	 ﾠchange	 ﾠwas	 ﾠalso	 ﾠevident	 ﾠin	 ﾠthe	 ﾠvelocity	 ﾠprofiles	 ﾠdemonstrating	 ﾠa	 ﾠchange	 ﾠ
in	 ﾠmaximum	 ﾠspeed	 ﾠas	 ﾠwell	 ﾠas	 ﾠan	 ﾠalteration	 ﾠof	 ﾠthe	 ﾠtime	 ﾠof	 ﾠthis	 ﾠspeed	 ﾠ(Flash	 ﾠand	 ﾠHogan,	 ﾠ1985).	 ﾠ	 ﾠ
Simultaneously,	 ﾠeach	 ﾠgroup	 ﾠshowed	 ﾠa	 ﾠmarked	 ﾠreduction	 ﾠin	 ﾠthe	 ﾠtrial-ﾭ‐by-ﾭ‐trial	 ﾠvariability	 ﾠof	 ﾠpeak	 ﾠspeed	 ﾠ
when	 ﾠtested	 ﾠat	 ﾠtheir	 ﾠtrained	 ﾠmovement	 ﾠspeed.	 ﾠI	 ﾠsuggest	 ﾠthat	 ﾠthis	 ﾠeffect	 ﾠis	 ﾠa	 ﾠconsequence	 ﾠof	 ﾠuse-ﾭ‐
dependent	 ﾠlearning	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠmovement	 ﾠspeed	 ﾠthat	 ﾠenhances	 ﾠsuccess	 ﾠduring	 ﾠtraining,	 ﾠbiases	 ﾠthe	 ﾠ
speed	 ﾠof	 ﾠsubsequent	 ﾠmovements	 ﾠ(Georgopoulos	 ﾠet	 ﾠal.,	 ﾠ1981).	 ﾠIn	 ﾠessence,	 ﾠmy	 ﾠexperiment	 ﾠconstitutes	 ﾠ
a	 ﾠtemporal	 ﾠversion	 ﾠof	 ﾠthe	 ﾠspatial	 ﾠphenomenon	 ﾠdescribed	 ﾠby	 ﾠVerstynen	 ﾠand	 ﾠSabes	 ﾠ(2011),	 ﾠwho	 ﾠfound	 ﾠ
that	 ﾠmoving	 ﾠrepeatedly	 ﾠto	 ﾠa	 ﾠsingle	 ﾠtarget	 ﾠreduced	 ﾠthe	 ﾠdirectional	 ﾠvariability	 ﾠto	 ﾠthe	 ﾠtrained	 ﾠtarget,	 ﾠbut	 ﾠ
also	 ﾠbiased	 ﾠthe	 ﾠdirection	 ﾠof	 ﾠmovements	 ﾠto	 ﾠnearby	 ﾠtargets.	 ﾠIn	 ﾠthe	 ﾠexperiments	 ﾠof	 ﾠVerstynen	 ﾠand	 ﾠ
Sabes	 ﾠ(2011),	 ﾠthe	 ﾠspatial	 ﾠeffects	 ﾠoccurred	 ﾠrather	 ﾠrapidly	 ﾠwithin	 ﾠa	 ﾠsingle	 ﾠexperimental	 ﾠsession.	 ﾠIn	 ﾠthe	 ﾠ
present	 ﾠcase,	 ﾠI	 ﾠwas	 ﾠinterested	 ﾠin	 ﾠlasting	 ﾠlong-ﾭ‐term	 ﾠconsequences	 ﾠof	 ﾠtraining,	 ﾠand	 ﾠdid	 ﾠnot	 ﾠexamine	 ﾠ
how	 ﾠthe	 ﾠeffect	 ﾠchanged	 ﾠduring	 ﾠthe	 ﾠtraining	 ﾠdays.	 ﾠNevertheless,	 ﾠthe	 ﾠeffects	 ﾠwere	 ﾠconsolidated	 ﾠand	 ﾠ
still	 ﾠpresent	 ﾠone	 ﾠday	 ﾠafter	 ﾠthe	 ﾠfinal	 ﾠtraining	 ﾠsession.	 ﾠ	 ﾠ
The	 ﾠbias	 ﾠtowards	 ﾠthe	 ﾠpractised	 ﾠspeed	 ﾠof	 ﾠmovement	 ﾠtransferred	 ﾠto	 ﾠa	 ﾠdifferent	 ﾠmovement	 ﾠ
direction.	 ﾠWhile	 ﾠI	 ﾠdid	 ﾠnot	 ﾠassess	 ﾠhow	 ﾠfar	 ﾠthis	 ﾠchanged	 ﾠpreference	 ﾠwould	 ﾠgeneralize	 ﾠ(i.e.	 ﾠto	 ﾠdifferent	 ﾠ
movement	 ﾠwith	 ﾠthe	 ﾠsame	 ﾠeffector,	 ﾠmovements	 ﾠwith	 ﾠthe	 ﾠother	 ﾠhand,	 ﾠor	 ﾠwith	 ﾠother	 ﾠbody	 ﾠparts),	 ﾠmy	 ﾠ
results	 ﾠsuggest	 ﾠthat	 ﾠhabitual	 ﾠmovement	 ﾠspeed	 ﾠis	 ﾠinfluenced	 ﾠby	 ﾠtraining	 ﾠon	 ﾠa	 ﾠmore	 ﾠglobal	 ﾠlevel	 ﾠthan	 ﾠ





An	 ﾠunresolved	 ﾠquestion	 ﾠconcerns	 ﾠthe	 ﾠexact	 ﾠnature	 ﾠof	 ﾠthe	 ﾠchange	 ﾠin	 ﾠpreferred	 ﾠmovement	 ﾠ
speed.	 ﾠI	 ﾠhave	 ﾠhere	 ﾠfavoured	 ﾠthe	 ﾠidea	 ﾠthat	 ﾠtraining	 ﾠgenerates	 ﾠan	 ﾠattractor	 ﾠthat	 ﾠbiases	 ﾠmovements	 ﾠ
towards	 ﾠthe	 ﾠspeed	 ﾠat	 ﾠwhich	 ﾠthe	 ﾠtraining	 ﾠwas	 ﾠperformed	 ﾠin	 ﾠthe	 ﾠsame	 ﾠway	 ﾠas	 ﾠrepeatedly	 ﾠpractising	 ﾠ
movements	 ﾠin	 ﾠone	 ﾠdirection	 ﾠbiases	 ﾠsubsequent	 ﾠmovements	 ﾠtowards	 ﾠthe	 ﾠsame	 ﾠdirection	 ﾠ(Verstynen	 ﾠ
and	 ﾠSabes,	 ﾠ2011).	 ﾠHowever,	 ﾠit	 ﾠis	 ﾠalso	 ﾠpossible	 ﾠthat	 ﾠtraining	 ﾠat	 ﾠdifferent	 ﾠspeeds	 ﾠinfluences	 ﾠmovement	 ﾠ
vigour	 ﾠin	 ﾠgeneral	 ﾠ(Haith	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ	 ﾠBecause	 ﾠI	 ﾠtrained	 ﾠparticipants	 ﾠonly	 ﾠon	 ﾠthe	 ﾠslowest	 ﾠand	 ﾠfastest	 ﾠ
condition	 ﾠof	 ﾠthe	 ﾠtested	 ﾠrange,	 ﾠthe	 ﾠdata	 ﾠon	 ﾠspeed	 ﾠbiases	 ﾠdoes	 ﾠnot	 ﾠallow	 ﾠme	 ﾠto	 ﾠdifferentiate	 ﾠbetween	 ﾠ
these	 ﾠtwo	 ﾠexplanations.	 ﾠHowever,	 ﾠan	 ﾠattractor-ﾭ‐like	 ﾠmechanism	 ﾠcan	 ﾠsimultaneously	 ﾠaccount	 ﾠfor	 ﾠthe	 ﾠ
specific	 ﾠreduction	 ﾠin	 ﾠthe	 ﾠmovement	 ﾠspeed	 ﾠvariability,	 ﾠas	 ﾠit	 ﾠwould	 ﾠpredict	 ﾠthat	 ﾠmovement	 ﾠspeeds	 ﾠ
nearer	 ﾠto	 ﾠthe	 ﾠtrained	 ﾠvelocity	 ﾠwould	 ﾠbe	 ﾠpulled	 ﾠtowards	 ﾠthe	 ﾠlearned	 ﾠprior.	 ﾠIt	 ﾠis	 ﾠunclear	 ﾠhow	 ﾠa	 ﾠgeneral	 ﾠ
change	 ﾠin	 ﾠmovement	 ﾠvigour	 ﾠwould	 ﾠaccount	 ﾠfor	 ﾠthis	 ﾠresult.	 ﾠ	 ﾠ
Another	 ﾠimportant	 ﾠquestion	 ﾠis	 ﾠwhether	 ﾠthe	 ﾠchange	 ﾠin	 ﾠthe	 ﾠpreferred	 ﾠmovement	 ﾠspeed	 ﾠwas	 ﾠ
induced	 ﾠsolely	 ﾠby	 ﾠthe	 ﾠact	 ﾠof	 ﾠmoving	 ﾠat	 ﾠthis	 ﾠspeed	 ﾠ(Diedrichsen	 ﾠet	 ﾠal.,	 ﾠ2010,	 ﾠVerstynen	 ﾠand	 ﾠSabes,	 ﾠ
2011),	 ﾠor	 ﾠwhether	 ﾠthe	 ﾠexperience	 ﾠof	 ﾠsuccessful	 ﾠmovements	 ﾠat	 ﾠthat	 ﾠparticular	 ﾠspeed	 ﾠwas	 ﾠcritical	 ﾠ
(Huang	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠFurther	 ﾠexperiments	 ﾠare	 ﾠrequired	 ﾠto	 ﾠtease	 ﾠapart	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthese	 ﾠtwo	 ﾠfactors.	 ﾠ
Nonetheless,	 ﾠmy	 ﾠfinding	 ﾠprovides	 ﾠa	 ﾠnew	 ﾠand	 ﾠimportant	 ﾠinsight	 ﾠinto	 ﾠhow	 ﾠthe	 ﾠmotor	 ﾠsystem	 ﾠ
determines	 ﾠmovement	 ﾠspeed	 ﾠfor	 ﾠany	 ﾠgiven	 ﾠtask.	 ﾠAll	 ﾠprevious	 ﾠmodels	 ﾠshare	 ﾠthe	 ﾠcommon	 ﾠassumption	 ﾠ
that	 ﾠthe	 ﾠchosen	 ﾠspeed	 ﾠis	 ﾠa	 ﾠmoment-ﾭ‐by-ﾭ‐moment	 ﾠcompromise	 ﾠbetween	 ﾠexternal	 ﾠand	 ﾠinternal	 ﾠ
constraints.	 ﾠFor	 ﾠexample,	 ﾠin	 ﾠthe	 ﾠmodel	 ﾠby	 ﾠTanaka	 ﾠet	 ﾠal	 ﾠ(Tanaka	 ﾠet	 ﾠal.,	 ﾠ2006),	 ﾠmovement	 ﾠduration	 ﾠis	 ﾠ
set	 ﾠas	 ﾠlow	 ﾠas	 ﾠpossible	 ﾠwhile	 ﾠstill	 ﾠfulfilling	 ﾠthe	 ﾠaccuracy	 ﾠconstraints:	 ﾠfaster	 ﾠmovements	 ﾠwould	 ﾠentail	 ﾠ
more	 ﾠsignal	 ﾠdependent	 ﾠnoise	 ﾠand	 ﾠreduce	 ﾠaccuracy.	 ﾠ	 ﾠAn	 ﾠexternal	 ﾠfactor	 ﾠthat	 ﾠspeeds	 ﾠup	 ﾠmovement	 ﾠ
times	 ﾠis	 ﾠthe	 ﾠreward	 ﾠvalue	 ﾠof	 ﾠthe	 ﾠgoal.	 ﾠExperiments	 ﾠin	 ﾠthe	 ﾠmacaque	 ﾠshow	 ﾠthat	 ﾠeye	 ﾠmovement	 ﾠspeed	 ﾠ
can	 ﾠbe	 ﾠmore	 ﾠthan	 ﾠ20%	 ﾠhigher	 ﾠwhen	 ﾠthe	 ﾠtarget	 ﾠis	 ﾠrewarded	 ﾠcompared	 ﾠto	 ﾠnon-ﾭ‐rewarded	 ﾠ(Bendiksby	 ﾠ
and	 ﾠPlatt,	 ﾠ2006).	 ﾠSimilar	 ﾠresults	 ﾠhave	 ﾠbeen	 ﾠdescribed	 ﾠin	 ﾠhumans	 ﾠ(Shadmehr	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠMost	 ﾠrecent	 ﾠ




rate	 ﾠof	 ﾠreward,	 ﾠwhich	 ﾠleads	 ﾠto	 ﾠa	 ﾠcompromise	 ﾠbetween	 ﾠthe	 ﾠprobability	 ﾠof	 ﾠsuccess	 ﾠand	 ﾠa	 ﾠhyperbolic	 ﾠ
discounted	 ﾠreward	 ﾠvalue	 ﾠ(Shadmehr	 ﾠet	 ﾠal.,	 ﾠ2010,	 ﾠHaith	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠThese	 ﾠtype	 ﾠof	 ﾠmodels	 ﾠcannot	 ﾠ
account	 ﾠfor	 ﾠthese	 ﾠresults,	 ﾠas	 ﾠthe	 ﾠreward	 ﾠprobability	 ﾠ(i.e.	 ﾠsuccess	 ﾠrate),	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠrate	 ﾠof	 ﾠreward	 ﾠ
(Haith	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠwas	 ﾠmatched	 ﾠacross	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups.	 ﾠ	 ﾠ
This	 ﾠexperiment	 ﾠdemonstrates	 ﾠthat	 ﾠthe	 ﾠspeed	 ﾠwe	 ﾠmove	 ﾠat	 ﾠis	 ﾠalso	 ﾠinfluenced	 ﾠby	 ﾠpast	 ﾠ
experience.	 ﾠIt	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠmotor	 ﾠsystem	 ﾠdoes	 ﾠnot	 ﾠapproach	 ﾠeach	 ﾠtask	 ﾠas	 ﾠa	 ﾠblank	 ﾠslate	 ﾠand	 ﾠre-ﾭ‐
optimizes	 ﾠthe	 ﾠpreferred	 ﾠmovement	 ﾠspeed	 ﾠde	 ﾠnovo,	 ﾠbut	 ﾠrather	 ﾠcarries	 ﾠwith	 ﾠit	 ﾠpreferences	 ﾠfor	 ﾠcertain	 ﾠ
speeds	 ﾠof	 ﾠmovement.	 ﾠThe	 ﾠexistence	 ﾠof	 ﾠsuch	 ﾠa	 ﾠpreference,	 ﾠeven	 ﾠat	 ﾠthe	 ﾠstart	 ﾠof	 ﾠtraining,	 ﾠcould	 ﾠbe	 ﾠ
observed	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup,	 ﾠwhich	 ﾠmoved	 ﾠfaster	 ﾠthan	 ﾠnecessary,	 ﾠand	 ﾠtherefore	 ﾠhad	 ﾠto	 ﾠwait	 ﾠ
at	 ﾠthe	 ﾠgoal.	 ﾠOur	 ﾠresults	 ﾠalso	 ﾠdemonstrate	 ﾠthat	 ﾠthis	 ﾠnatural	 ﾠpreferred	 ﾠmovement	 ﾠspeed	 ﾠcan	 ﾠbe	 ﾠ
modified	 ﾠthrough	 ﾠrepeated	 ﾠpractice	 ﾠat	 ﾠan	 ﾠenforced	 ﾠspeed.	 ﾠ	 ﾠ
This	 ﾠinsight	 ﾠmay	 ﾠalso	 ﾠhave	 ﾠimportant	 ﾠimplications	 ﾠfor	 ﾠunderstanding	 ﾠand	 ﾠtreating	 ﾠclinical	 ﾠ
movement	 ﾠdisorders.	 ﾠ	 ﾠSlowness	 ﾠof	 ﾠmovement	 ﾠis	 ﾠa	 ﾠcommon	 ﾠfeature	 ﾠbut	 ﾠis	 ﾠalso	 ﾠobserved	 ﾠin	 ﾠhealthy	 ﾠ
ageing	 ﾠ(Gill	 ﾠet	 ﾠal.,	 ﾠ1997,	 ﾠMazzoni	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠThese	 ﾠchanges	 ﾠare	 ﾠoften	 ﾠexplained	 ﾠas	 ﾠan	 ﾠoptimal	 ﾠ
response	 ﾠto	 ﾠa	 ﾠchanged	 ﾠspeed-ﾭ‐accuracy	 ﾠtrade-ﾭ‐off,	 ﾠi.e.,	 ﾠthe	 ﾠmovement	 ﾠmay	 ﾠbe	 ﾠslowed	 ﾠdown	 ﾠto	 ﾠbe	 ﾠable	 ﾠ
to	 ﾠachieve	 ﾠthe	 ﾠnecessary	 ﾠlevel	 ﾠof	 ﾠspatial	 ﾠaccuracy	 ﾠrequired	 ﾠby	 ﾠevery-ﾭ‐day	 ﾠtask.	 ﾠAlternatively,	 ﾠslowness	 ﾠ
of	 ﾠmovement	 ﾠmay	 ﾠbe	 ﾠconsequence	 ﾠof	 ﾠa	 ﾠchanged	 ﾠreward	 ﾠto	 ﾠeffort	 ﾠor	 ﾠcost	 ﾠratio	 ﾠ(Mazzoni	 ﾠet	 ﾠal.,	 ﾠ
2007).Our	 ﾠfindings	 ﾠsuggest	 ﾠthat,	 ﾠwhile	 ﾠthe	 ﾠinitial	 ﾠslowing	 ﾠmay	 ﾠbe	 ﾠindeed	 ﾠcaused	 ﾠby	 ﾠa	 ﾠcombination	 ﾠof	 ﾠ
these	 ﾠfactors,	 ﾠthe	 ﾠslowness	 ﾠmay	 ﾠbe	 ﾠfurther	 ﾠconsolidated	 ﾠby	 ﾠthe	 ﾠhabitual	 ﾠformation	 ﾠof	 ﾠa	 ﾠbehavioural	 ﾠ
bias	 ﾠthat	 ﾠslows	 ﾠdown	 ﾠall	 ﾠmovement.	 ﾠThus,	 ﾠeven	 ﾠif	 ﾠthe	 ﾠunderlying	 ﾠdeficit	 ﾠwas	 ﾠremoved,	 ﾠslowness	 ﾠof	 ﾠ
movement	 ﾠmay	 ﾠpersist	 ﾠdue	 ﾠto	 ﾠa	 ﾠpersistent	 ﾠchange	 ﾠin	 ﾠthe	 ﾠpreferred	 ﾠmovement	 ﾠspeed.	 ﾠFollowing	 ﾠthis	 ﾠ
idea,	 ﾠit	 ﾠmay	 ﾠnot	 ﾠbe	 ﾠenough	 ﾠto	 ﾠimprove	 ﾠaccuracy	 ﾠof	 ﾠmovement	 ﾠthrough	 ﾠphysical	 ﾠtherapy;	 ﾠit	 ﾠmay	 ﾠalso	 ﾠ
be	 ﾠnecessary	 ﾠto	 ﾠovercome	 ﾠthe	 ﾠhabitual	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠby	 ﾠtraining	 ﾠat	 ﾠspeeds	 ﾠthat	 ﾠare	 ﾠhigher	 ﾠ




I	 ﾠalso	 ﾠfound	 ﾠpractice-ﾭ‐related	 ﾠimprovements	 ﾠin	 ﾠmovement	 ﾠaccuracy.	 ﾠPart	 ﾠof	 ﾠthis	 ﾠwas	 ﾠlinked	 ﾠto	 ﾠ
reduced	 ﾠvariability	 ﾠof	 ﾠmaximal	 ﾠmovement	 ﾠspeed:	 ﾠthis	 ﾠwas	 ﾠapparent	 ﾠespecially	 ﾠfor	 ﾠthe	 ﾠparallel	 ﾠerror	 ﾠ
(parallel	 ﾠto	 ﾠthe	 ﾠtarget	 ﾠdirection)	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup,	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠreduced	 ﾠerror	 ﾠalmost	 ﾠfully	 ﾠ
accounted	 ﾠfor	 ﾠthe	 ﾠreduced	 ﾠvariability	 ﾠin	 ﾠpeak	 ﾠvelocity.	 ﾠGains	 ﾠin	 ﾠperpendicular	 ﾠaccuracy	 ﾠwere	 ﾠmore	 ﾠ
specific	 ﾠto	 ﾠthe	 ﾠtrained	 ﾠmovement	 ﾠdirection.	 ﾠThis	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠaccuracy	 ﾠgains	 ﾠmay	 ﾠdepend	 ﾠon	 ﾠ
learning	 ﾠthe	 ﾠmuscle	 ﾠand	 ﾠjoint	 ﾠdynamics	 ﾠfor	 ﾠa	 ﾠspecific	 ﾠmovement	 ﾠdirection,	 ﾠleading	 ﾠto	 ﾠrelatively	 ﾠ
narrow	 ﾠgeneralization	 ﾠ(Orban	 ﾠde	 ﾠXivry	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ
Our	 ﾠexperiment	 ﾠdemonstrates	 ﾠthat	 ﾠprior	 ﾠtraining	 ﾠinfluences	 ﾠthe	 ﾠchosen	 ﾠmovement	 ﾠspeed,	 ﾠ
even	 ﾠunder	 ﾠrelatively	 ﾠconstrained	 ﾠconditions.	 ﾠThe	 ﾠeffects	 ﾠwere	 ﾠvisible	 ﾠeven	 ﾠone	 ﾠday	 ﾠafter	 ﾠthe	 ﾠlast	 ﾠ
training	 ﾠday	 ﾠand	 ﾠgeneralized	 ﾠto	 ﾠa	 ﾠdifferent	 ﾠmovement	 ﾠdirection.	 ﾠAlthough	 ﾠthese	 ﾠfindings	 ﾠimply	 ﾠ
general	 ﾠand	 ﾠlong-ﾭ‐lasting	 ﾠchanges	 ﾠto	 ﾠpreferred	 ﾠspeed,	 ﾠI	 ﾠhave	 ﾠnot	 ﾠyet	 ﾠestablished	 ﾠwhether	 ﾠthese	 ﾠ
effects	 ﾠgeneralize	 ﾠoutside	 ﾠof	 ﾠthe	 ﾠexperimental	 ﾠsetting,	 ﾠand	 ﾠover	 ﾠwhat	 ﾠtime	 ﾠperiod	 ﾠthey	 ﾠdisappear	 ﾠ
after	 ﾠthe	 ﾠend	 ﾠof	 ﾠtraining.	 ﾠNonetheless,	 ﾠour	 ﾠfindings	 ﾠdemonstrate	 ﾠthat	 ﾠthe	 ﾠmotor	 ﾠsystem	 ﾠre-ﾭ‐optimizes	 ﾠ
the	 ﾠmovement	 ﾠspeed	 ﾠfor	 ﾠany	 ﾠgiven	 ﾠtask	 ﾠby	 ﾠtaking	 ﾠinto	 ﾠaccount	 ﾠa	 ﾠstrong	 ﾠinternal	 ﾠprior	 ﾠthat	 ﾠis	 ﾠshaped	 ﾠ
by	 ﾠrecent	 ﾠexperience.	 ﾠ	 ﾠ





5. Learning ﾠat ﾠslow ﾠand ﾠat ﾠ
fast ﾠmovement ﾠspeed ﾠin ﾠ
stroke ﾠ




5.1.  Introduction ﾠ
Individuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠmove	 ﾠmore	 ﾠslowly	 ﾠ(DeJong	 ﾠet	 ﾠal.,	 ﾠ2011)	 ﾠalthough	 ﾠmovements	 ﾠ
in	 ﾠdaily	 ﾠlife	 ﾠneed	 ﾠto	 ﾠbe	 ﾠperformed	 ﾠat	 ﾠa	 ﾠvariety	 ﾠof	 ﾠspeed	 ﾠand	 ﾠaccuracy	 ﾠrequirements	 ﾠ(Fitts,	 ﾠ1954).	 ﾠSlow	 ﾠ
movement	 ﾠduring	 ﾠrehabilitation	 ﾠcould	 ﾠreinforce	 ﾠthis	 ﾠslowness	 ﾠby	 ﾠuse-ﾭ‐dependent	 ﾠlearning	 ﾠ
mechanisms	 ﾠas	 ﾠobserved	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠ(Diedrichsen	 ﾠet	 ﾠal.,	 ﾠ2010,	 ﾠHammerbeck	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ
Training	 ﾠprotocols	 ﾠfor	 ﾠthe	 ﾠmore	 ﾠseverely	 ﾠaffected	 ﾠstroke	 ﾠpatient	 ﾠhave	 ﾠhistorically	 ﾠbeen	 ﾠperformed	 ﾠat	 ﾠ
slow	 ﾠmovement	 ﾠspeed,	 ﾠprobably	 ﾠat	 ﾠleast	 ﾠpartly	 ﾠdue	 ﾠto	 ﾠthe	 ﾠfear	 ﾠthat	 ﾠfast	 ﾠmovements	 ﾠcould	 ﾠincrease	 ﾠ
spasticity,	 ﾠa	 ﾠvelocity	 ﾠdependent	 ﾠincrease	 ﾠin	 ﾠtonic	 ﾠstretch	 ﾠreflexes	 ﾠ(Lance,	 ﾠ1980).	 ﾠSpasticity	 ﾠhas	 ﾠ
traditionally	 ﾠbeen	 ﾠthought	 ﾠto	 ﾠreduce	 ﾠthe	 ﾠquality	 ﾠof	 ﾠmovement	 ﾠ(Bobath,	 ﾠ1990).	 ﾠYet	 ﾠwe	 ﾠknow	 ﾠthat	 ﾠ
stroke	 ﾠpatients	 ﾠare	 ﾠable	 ﾠto	 ﾠmove	 ﾠfaster	 ﾠand	 ﾠin	 ﾠsome	 ﾠrespects	 ﾠ(kinematics)	 ﾠtheir	 ﾠmovements	 ﾠcan	 ﾠ
actually	 ﾠbe	 ﾠsmoother	 ﾠwhen	 ﾠmoving	 ﾠfast	 ﾠ(DeJong	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠIn	 ﾠaddition	 ﾠmoving	 ﾠfast	 ﾠcan	 ﾠincrease	 ﾠ
the	 ﾠamount	 ﾠof	 ﾠforce	 ﾠrequired	 ﾠduring	 ﾠtraining	 ﾠsessions,	 ﾠand	 ﾠthereby	 ﾠincrease	 ﾠmuscle	 ﾠactivity	 ﾠduring	 ﾠ
therapeutic	 ﾠinterventions	 ﾠ(DeJong	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠHow	 ﾠtraining	 ﾠat	 ﾠdifferent	 ﾠmovement	 ﾠvelocities	 ﾠ
influences	 ﾠmotor	 ﾠlearning	 ﾠin	 ﾠstroke	 ﾠpatients	 ﾠhas	 ﾠhowever	 ﾠnot	 ﾠbeen	 ﾠmechanistically	 ﾠinvestigated.	 ﾠ
In	 ﾠthis	 ﾠtrial	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠfast	 ﾠversus	 ﾠslow	 ﾠtraining	 ﾠof	 ﾠarm	 ﾠreaching	 ﾠmovements	 ﾠwas	 ﾠ
compared	 ﾠin	 ﾠchronic	 ﾠstroke	 ﾠpatients.	 ﾠThe	 ﾠtask	 ﾠwas	 ﾠhighly	 ﾠconstrained	 ﾠso	 ﾠthat	 ﾠimprovement	 ﾠcould	 ﾠ
only	 ﾠoccur	 ﾠthrough	 ﾠbetter	 ﾠtask	 ﾠperformance	 ﾠusing	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠrather	 ﾠthan	 ﾠutilisation	 ﾠof	 ﾠ
compensatory	 ﾠstrategies.	 ﾠOutcome	 ﾠwas	 ﾠmeasured	 ﾠin	 ﾠterms	 ﾠof	 ﾠreaching	 ﾠaccuracy	 ﾠat	 ﾠtrained	 ﾠand	 ﾠnon-ﾭ‐
trained	 ﾠmovement	 ﾠspeeds	 ﾠas	 ﾠwell	 ﾠas	 ﾠmore	 ﾠgeneral	 ﾠmeasures	 ﾠof	 ﾠarm	 ﾠfunction.	 ﾠI	 ﾠalso	 ﾠinvestigated	 ﾠ
whether	 ﾠthere	 ﾠwas	 ﾠany	 ﾠrelationship	 ﾠbetween	 ﾠpre-ﾭ‐training	 ﾠclinical	 ﾠscores	 ﾠand	 ﾠthe	 ﾠamount	 ﾠof	 ﾠ
improvement.	 ﾠ
I	 ﾠhypothesised	 ﾠthat	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠwould	 ﾠbe	 ﾠable	 ﾠto	 ﾠimprove	 ﾠreaching	 ﾠ
accuracy	 ﾠwhen	 ﾠtraining	 ﾠat	 ﾠslow	 ﾠand	 ﾠfast	 ﾠmovement	 ﾠspeeds.	 ﾠI	 ﾠfurther	 ﾠwas	 ﾠinterested	 ﾠto	 ﾠinvestigate	 ﾠif	 ﾠ




5.2.  Methods/Study ﾠDesign ﾠ
5.2.1. Participants ﾠ ﾠ
See ﾠchapter ﾠ3.1 ﾠfor ﾠfull ﾠdetail ﾠ
5.2.2. Material ﾠ
See	 ﾠchapter	 ﾠ3	 ﾠfor	 ﾠfull	 ﾠdetails	 ﾠof	 ﾠMethods.	 ﾠ
Although	 ﾠdetermining	 ﾠthe	 ﾠendpoint	 ﾠerror	 ﾠin	 ﾠthe	 ﾠun-ﾭ‐constrained	 ﾠfashion	 ﾠexplained	 ﾠin	 ﾠchapter	 ﾠ
four	 ﾠled	 ﾠto	 ﾠinteresting	 ﾠfindings	 ﾠabout	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠrepetition	 ﾠat	 ﾠa	 ﾠspecific	 ﾠmovement	 ﾠspeed	 ﾠon	 ﾠthe	 ﾠ
habitual	 ﾠspeed	 ﾠin	 ﾠconsecutive	 ﾠmovements,	 ﾠI	 ﾠchanged	 ﾠthe	 ﾠparadigm	 ﾠbefore	 ﾠrecruiting	 ﾠstroke	 ﾠsubjects.	 ﾠ
In	 ﾠthe	 ﾠexperiment	 ﾠin	 ﾠchapter	 ﾠ4	 ﾠindividuals	 ﾠtraining	 ﾠat	 ﾠhigh	 ﾠvelocity	 ﾠperformed	 ﾠnear	 ﾠballistic	 ﾠ
movements	 ﾠand	 ﾠoptimized	 ﾠthe	 ﾠtiming	 ﾠof	 ﾠwhen	 ﾠthey	 ﾠarrived	 ﾠat	 ﾠthe	 ﾠtarget.	 ﾠThis	 ﾠis	 ﾠnot	 ﾠhow	 ﾠfunctional	 ﾠ
reaching	 ﾠtasks	 ﾠare	 ﾠperformed	 ﾠand	 ﾠthis	 ﾠtraining	 ﾠwould	 ﾠhave	 ﾠlimited	 ﾠfunctional	 ﾠbenefit	 ﾠafter	 ﾠstroke.	 ﾠI	 ﾠ
therefore	 ﾠaltered	 ﾠhow	 ﾠI	 ﾠdetermined	 ﾠthe	 ﾠmovement	 ﾠendpoint.	 ﾠI	 ﾠconstrained	 ﾠmovement	 ﾠtime	 ﾠso	 ﾠthat	 ﾠ
individuals	 ﾠhad	 ﾠto	 ﾠstop	 ﾠmoving	 ﾠwithin	 ﾠa	 ﾠspecific	 ﾠmovement	 ﾠtime.	 ﾠMovement	 ﾠaccuracy	 ﾠwas	 ﾠmeasured	 ﾠ
once	 ﾠmovement	 ﾠvelocity	 ﾠhad	 ﾠdropped	 ﾠbelow	 ﾠ4cm/s	 ﾠwithout	 ﾠa	 ﾠconsecutive	 ﾠrise	 ﾠover	 ﾠ7cm/s	 ﾠin	 ﾠ
endpoint	 ﾠcorrection	 ﾠin	 ﾠthe	 ﾠconsecutive	 ﾠ40ms.	 ﾠTo	 ﾠtest	 ﾠwhether	 ﾠindividuals	 ﾠstill	 ﾠshowed	 ﾠthe	 ﾠsame	 ﾠ
learning	 ﾠin	 ﾠthis	 ﾠslightly	 ﾠaltered	 ﾠparadigm	 ﾠI	 ﾠperformed	 ﾠanother	 ﾠset	 ﾠof	 ﾠexperiments	 ﾠin	 ﾠa	 ﾠgroup	 ﾠof	 ﾠ14	 ﾠ
healthy	 ﾠright	 ﾠhanded	 ﾠindividuals	 ﾠ(age;	 ﾠmean:	 ﾠ22.86,	 ﾠSD	 ﾠ+/-ﾭ‐	 ﾠ3.29,	 ﾠgender;	 ﾠ4	 ﾠfemale)	 ﾠattending	 ﾠfor	 ﾠ5	 ﾠ
consecutive	 ﾠdays	 ﾠ.	 ﾠ




5.3.  Results ﾠ
5.3.1. Control ﾠexperiment ﾠand ﾠcomparison ﾠwith ﾠprevious ﾠexperiemnt ﾠ
In	 ﾠthis	 ﾠnew	 ﾠparadigm,	 ﾠtraining-ﾭ‐speed-ﾭ‐specific	 ﾠimprovements	 ﾠwere	 ﾠobserved	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠand	 ﾠ
the	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠ(Fig	 ﾠ5.1	 ﾠA-ﾭ‐C)	 ﾠas	 ﾠwell	 ﾠas	 ﾠgeneralisation	 ﾠof	 ﾠaccuracy	 ﾠimprovements	 ﾠto	 ﾠother	 ﾠ
movement	 ﾠspeeds	 ﾠ(3wrmANOVA	 ﾠTargetSpeed(4)*TIME(2)*GROUP(2);	 ﾠthere	 ﾠwas	 ﾠno	 ﾠinteraction	 ﾠbut	 ﾠ
an	 ﾠeffect	 ﾠof	 ﾠTIME	 ﾠF(1,12)=	 ﾠ15.503	 ﾠ;	 ﾠp=0.002).	 ﾠ	 ﾠ
The	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠvariability,	 ﾠanother	 ﾠmeasure	 ﾠemployed	 ﾠto	 ﾠobserve	 ﾠlearning,	 ﾠ
also	 ﾠreduced	 ﾠafter	 ﾠtraining	 ﾠfor	 ﾠboth	 ﾠtraining	 ﾠgroups	 ﾠ(Fig	 ﾠ5.1	 ﾠF-ﾭ‐H)	 ﾠby	 ﾠan	 ﾠeffect	 ﾠof	 ﾠTIME	 ﾠ(F(1,12)=	 ﾠ15.691	 ﾠ;	 ﾠ
p=0.002)	 ﾠin	 ﾠa	 ﾠ3wrmANOVA	 ﾠTargetSpeed(4)*TIME(2)*GROUP(2).	 ﾠThis	 ﾠreduction	 ﾠwas	 ﾠdifferent	 ﾠat	 ﾠthe	 ﾠ
various	 ﾠtarget	 ﾠspeeds	 ﾠ(Effect	 ﾠof	 ﾠTargetSpeed	 ﾠ(F(3,36)=	 ﾠ72.079	 ﾠ;	 ﾠp<=0.001)	 ﾠbut	 ﾠdid	 ﾠnot	 ﾠdemonstrate	 ﾠan	 ﾠ
interaction.	 ﾠ	 ﾠ
To	 ﾠcompare	 ﾠif	 ﾠthis	 ﾠeffect	 ﾠis	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠlearning	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠprevious	 ﾠprotocol	 ﾠthe	 ﾠ
improvements	 ﾠwere	 ﾠexpressed	 ﾠas	 ﾠpercentage	 ﾠchange	 ﾠ(Fig	 ﾠ5.1	 ﾠD&I))	 ﾠbecause	 ﾠan	 ﾠinteraction	 ﾠindicated	 ﾠ
that	 ﾠthe	 ﾠbaseline	 ﾠerror	 ﾠwas	 ﾠnot	 ﾠthe	 ﾠsame	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠexperiments	 ﾠ(Fig.	 ﾠ4.6	 ﾠand	 ﾠ5.1)	 ﾠfor	 ﾠendpoint	 ﾠ
error	 ﾠ2wrmANOVA	 ﾠ(Experiment(2)*TargetSpeed(4)	 ﾠby	 ﾠan	 ﾠinteraction	 ﾠ(F(3,90)=	 ﾠ5.156	 ﾠ;	 ﾠp=0.002)	 ﾠas	 ﾠwell	 ﾠ
as	 ﾠfor	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠ(Fig.	 ﾠ4.5	 ﾠand	 ﾠ5.1)	 ﾠ(F(3,90)=	 ﾠ11.018	 ﾠ;	 ﾠp=0.002).	 ﾠ	 ﾠ
When	 ﾠcomparing	 ﾠthe	 ﾠpercentage	 ﾠchange	 ﾠof	 ﾠendpoint	 ﾠerror	 ﾠ(Fig	 ﾠ5.1	 ﾠD&E)	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠ
protocols	 ﾠwith	 ﾠa	 ﾠ2wrmANOVA(EXPERIMENT(2)*TARGETSPEED(4)),	 ﾠ	 ﾠneither	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠ







Figure	 ﾠ5.1.	 ﾠComparison	 ﾠof	 ﾠlearning	 ﾠobserved	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠin	 ﾠnew	 ﾠtraining	 ﾠprotocol	 ﾠ
and	 ﾠprotocol	 ﾠexplained	 ﾠin	 ﾠchapter	 ﾠ4	 ﾠ(grey	 ﾠbox).	 ﾠReduction	 ﾠin	 ﾠabsolute	 ﾠerror	 ﾠ(A-ﾭ‐E)	 ﾠand	 ﾠ
maximum	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠ(F-ﾭ‐J)	 ﾠafter	 ﾠtraining.	 ﾠA)	 ﾠAverage	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠfast	 ﾠ
and	 ﾠB)	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠ(+/-ﾭ‐	 ﾠSE)	 ﾠat	 ﾠeach	 ﾠof	 ﾠthe	 ﾠ4	 ﾠindividually	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠ(slow	 ﾠto	 ﾠ
fast).	 ﾠError	 ﾠis	 ﾠdepicted	 ﾠin	 ﾠcm	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠdays.	 ﾠC)	 ﾠComparison	 ﾠ
of	 ﾠchange	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠChange	 ﾠof	 ﾠerror	 ﾠ
depicted	 ﾠin	 ﾠpercentage	 ﾠchange	 ﾠfor	 ﾠthe	 ﾠcurrent	 ﾠ(D)	 ﾠand	 ﾠthe	 ﾠprevious	 ﾠ(E)	 ﾠprotocol.	 ﾠ	 ﾠ
Average	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠfor	 ﾠfast	 ﾠ(F)	 ﾠand	 ﾠslow	 ﾠ(G)	 ﾠtraining	 ﾠgroup	 ﾠat	 ﾠ
each	 ﾠtarget	 ﾠspeed	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)training.	 ﾠH)	 ﾠComparison	 ﾠof	 ﾠchange	 ﾠin	 ﾠ
movement	 ﾠspeed	 ﾠvariability	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠChange	 ﾠin	 ﾠ
movement	 ﾠspeed	 ﾠvariability	 ﾠexpressed	 ﾠfor	 ﾠthe	 ﾠcurrent	 ﾠ(I)	 ﾠand	 ﾠprevious	 ﾠ(J)	 ﾠtraining	 ﾠprotocol.	 ﾠ
 ﾠ
The	 ﾠpercentage	 ﾠchange	 ﾠin	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠ(Fig	 ﾠ5.1	 ﾠI&J),	 ﾠwas	 ﾠnot	 ﾠ




However,	 ﾠthe	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroups	 ﾠdiffered	 ﾠsignificantly	 ﾠbetween	 ﾠthe	 ﾠprotocols	 ﾠ
demonstrated	 ﾠby	 ﾠan	 ﾠinteraction	 ﾠ(F(1.802,25.228)=	 ﾠ4.047;	 ﾠp=0.034).	 ﾠPost-ﾭ‐hoc	 ﾠt-ﾭ‐tests,	 ﾠa	 ﾠBonferroni	 ﾠ
corrected	 ﾠt-ﾭ‐test	 ﾠfor	 ﾠmultiple	 ﾠcomparisons	 ﾠdid	 ﾠnot	 ﾠdemonstrate	 ﾠsignificant	 ﾠdifferences	 ﾠbetween	 ﾠthe	 ﾠ
groups	 ﾠat	 ﾠthe	 ﾠvarious	 ﾠmovement	 ﾠspeeds.	 ﾠ
We	 ﾠcan	 ﾠtherefore	 ﾠconclude	 ﾠthat	 ﾠthe	 ﾠnew	 ﾠprotocol,	 ﾠwhich	 ﾠincorporates	 ﾠstopping	 ﾠat	 ﾠthe	 ﾠend	 ﾠof	 ﾠ
movement,	 ﾠpromotes	 ﾠsimilar	 ﾠimprovements	 ﾠin	 ﾠendpoint	 ﾠaccuracy	 ﾠthe	 ﾠprimary	 ﾠoutcome	 ﾠmeasure	 ﾠ
however	 ﾠreductions	 ﾠin	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠare	 ﾠnot	 ﾠthe	 ﾠsame.	 ﾠThe	 ﾠgreater	 ﾠreduction	 ﾠin	 ﾠ
maximum	 ﾠspeed	 ﾠvariability	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠin	 ﾠthe	 ﾠfirst	 ﾠexperiment	 ﾠis	 ﾠprobably	 ﾠdue	 ﾠto	 ﾠthe	 ﾠ
specific	 ﾠtask	 ﾠrequirements,	 ﾠwhere	 ﾠmovement	 ﾠspeed	 ﾠis	 ﾠcompletely	 ﾠunconstrained	 ﾠbefore	 ﾠtraining,	 ﾠ
allowing	 ﾠfor	 ﾠgreater	 ﾠimprovements	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠ(Fig	 ﾠ4.5	 ﾠB	 ﾠ&	 ﾠFig	 ﾠ5.1.	 ﾠJ).	 ﾠBecause	 ﾠthe	 ﾠsame	 ﾠamount	 ﾠ
of	 ﾠlearning	 ﾠwas	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠnew	 ﾠprotocol	 ﾠwhich	 ﾠis	 ﾠfunctionally	 ﾠmore	 ﾠrelevant	 ﾠto	 ﾠstroke	 ﾠpatients	 ﾠI	 ﾠ
therefore	 ﾠused	 ﾠthis	 ﾠnew	 ﾠparadigm	 ﾠto	 ﾠinvestigate	 ﾠhow	 ﾠtraining	 ﾠat	 ﾠtwo	 ﾠdifferent	 ﾠmovement	 ﾠspeeds	 ﾠ
affects	 ﾠskill	 ﾠacquisition	 ﾠin	 ﾠstroke	 ﾠpatients.	 ﾠ ﾠ
5.3.2. Participants ﾠ
In	 ﾠthese	 ﾠexperiments	 ﾠI	 ﾠinvestigated	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠfast	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠduring	 ﾠ
training,	 ﾠon	 ﾠimprovements	 ﾠof	 ﾠreaching	 ﾠaccuracy	 ﾠin	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke.	 ﾠ	 ﾠ
Thirty-ﾭ‐seven	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠ(See	 ﾠtable	 ﾠ5.1)	 ﾠ(mean	 ﾠage:	 ﾠ57.5	 ﾠyears	 ﾠ(SD	 ﾠ11.5);	 ﾠ
10	 ﾠfemales)	 ﾠwithout	 ﾠa	 ﾠhistory	 ﾠof	 ﾠa	 ﾠprevious	 ﾠstroke	 ﾠor	 ﾠother	 ﾠconcomitant	 ﾠneurological	 ﾠor	 ﾠ
musculoskeletal	 ﾠdisorders	 ﾠwere	 ﾠrecruited	 ﾠto	 ﾠthis	 ﾠsix-ﾭ‐day	 ﾠprotocol.	 ﾠAll	 ﾠpatients	 ﾠhad	 ﾠtheir	 ﾠstroke	 ﾠmore	 ﾠ
than	 ﾠone	 ﾠyear	 ﾠago	 ﾠ(mean:	 ﾠ4	 ﾠyears	 ﾠ9	 ﾠmonths,	 ﾠ(SD	 ﾠ3	 ﾠyears	 ﾠand	 ﾠ5	 ﾠmonths)).	 ﾠThe	 ﾠclinical	 ﾠpresentations	 ﾠof	 ﾠ
all	 ﾠpatients	 ﾠare	 ﾠpresented	 ﾠin	 ﾠTable	 ﾠ1	 ﾠand	 ﾠare	 ﾠdivided	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠ(Fast	 ﾠand	 ﾠSlow).	 ﾠOne	 ﾠ
patient’s	 ﾠupper	 ﾠlimb	 ﾠfunction	 ﾠdeteriorated	 ﾠdue	 ﾠto	 ﾠnon-ﾭ‐related	 ﾠmedical	 ﾠcomplications	 ﾠbetween	 ﾠgiving	 ﾠ
consent	 ﾠand	 ﾠattending	 ﾠfor	 ﾠthe	 ﾠinitial	 ﾠassessment.	 ﾠAs	 ﾠthe	 ﾠpatient	 ﾠconsequently	 ﾠwas	 ﾠnot	 ﾠable	 ﾠto	 ﾠ
perform	 ﾠthe	 ﾠtraining	 ﾠmovement,	 ﾠhe	 ﾠhad	 ﾠto	 ﾠbe	 ﾠexcluded	 ﾠfrom	 ﾠthe	 ﾠstudy.	 ﾠAll	 ﾠother	 ﾠparticipants	 ﾠ(n=36)	 ﾠ





Table	 ﾠ5.1.	 ﾠClinical	 ﾠpresentation	 ﾠof	 ﾠresearch	 ﾠparticipants	 ﾠ
 ﾠ
5.3.3. Performance ﾠchanges ﾠduring ﾠtraining ﾠ
The	 ﾠpatients	 ﾠin	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠperformed	 ﾠthe	 ﾠtraining	 ﾠat	 ﾠdifferent	 ﾠmovement	 ﾠ
speed,	 ﾠimproved	 ﾠtheir	 ﾠendpoint	 ﾠerror,	 ﾠgained	 ﾠmore	 ﾠpoints	 ﾠand	 ﾠreduced	 ﾠtheir	 ﾠmovement	 ﾠspeed	 ﾠ





Figure	 ﾠ5.2	 ﾠReaching	 ﾠperformance	 ﾠduring	 ﾠtraining	 ﾠdays	 ﾠ(Day	 ﾠ1-ﾭ‐4).	 ﾠA)	 ﾠMean	 ﾠmovement	 ﾠspeed	 ﾠ
for	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠgroup	 ﾠper	 ﾠtraining	 ﾠblock	 ﾠ(7/day)	 ﾠfor	 ﾠthe	 ﾠ4	 ﾠtraining	 ﾠdays.	 ﾠB)	 ﾠ
Mean	 ﾠendpoint	 ﾠerror	 ﾠ(RMS)	 ﾠfor	 ﾠfast	 ﾠgroup	 ﾠfor	 ﾠeach	 ﾠtraining	 ﾠblock	 ﾠduring	 ﾠtraining	 ﾠdays.	 ﾠC)	 ﾠ
Mean	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠslow	 ﾠgroup	 ﾠfor	 ﾠtraining	 ﾠdays.	 ﾠD)	 ﾠMean	 ﾠpoints	 ﾠper	 ﾠtraining	 ﾠblock	 ﾠfor	 ﾠ
the	 ﾠtwo	 ﾠtraining	 ﾠgroups.	 ﾠE:	 ﾠMean	 ﾠmaximum	 ﾠspeed	 ﾠvariability	 ﾠ(SD)	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠgroups	 ﾠfor	 ﾠ
each	 ﾠtraining	 ﾠblock	 ﾠon	 ﾠthe	 ﾠ4	 ﾠtraining	 ﾠdays.	 ﾠ
	 ﾠ
In	 ﾠaddition	 ﾠto	 ﾠthe	 ﾠclear	 ﾠeffects	 ﾠover	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠthe	 ﾠ4	 ﾠdays,	 ﾠit	 ﾠalso	 ﾠappears	 ﾠfrom	 ﾠthe	 ﾠgraphs	 ﾠ
(Fig	 ﾠ5.2	 ﾠA-ﾭ‐E)	 ﾠthat	 ﾠthere	 ﾠmay	 ﾠbe	 ﾠchanges	 ﾠin	 ﾠperformance	 ﾠduring	 ﾠeach	 ﾠday.	 ﾠTherefore	 ﾠI	 ﾠdecided	 ﾠto	 ﾠdo	 ﾠa	 ﾠ
3	 ﾠway	 ﾠANOVA	 ﾠwith	 ﾠBLOCK	 ﾠas	 ﾠanother	 ﾠmain	 ﾠfactor.	 ﾠThe	 ﾠmovement	 ﾠspeed	 ﾠ(Fig	 ﾠ5.2A)	 ﾠbetween	 ﾠthe	 ﾠ
groups	 ﾠwas	 ﾠvery	 ﾠdifferent	 ﾠoverall	 ﾠas	 ﾠstipulated	 ﾠby	 ﾠthe	 ﾠtwo	 ﾠdifferent	 ﾠprotocols,	 ﾠthus	 ﾠa	 ﾠOne	 ﾠway	 ﾠ
ANOVA	 ﾠdemonstrated	 ﾠa	 ﾠdifference	 ﾠin	 ﾠmovement	 ﾠspeed	 ﾠby	 ﾠand	 ﾠeffect	 ﾠof	 ﾠGROUP	 ﾠ(F(1,34)=91.847,	 ﾠ
p<0.001).	 ﾠHowever,	 ﾠduring	 ﾠeach	 ﾠday	 ﾠof	 ﾠtraining	 ﾠthe	 ﾠfast	 ﾠgroup	 ﾠgradually	 ﾠgot	 ﾠslower	 ﾠover	 ﾠthe	 ﾠtraining	 ﾠ
period	 ﾠwhereas	 ﾠthis	 ﾠwas	 ﾠnot	 ﾠthe	 ﾠcase	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup.	 ﾠ	 ﾠA	 ﾠ3w	 ﾠrmANOVA	 ﾠ
(BLOCK(7)*DAY(4)*GROUP(2)	 ﾠinteraction	 ﾠ(F(18,612)=31.350,	 ﾠp=0.003)	 ﾠindicated	 ﾠthat	 ﾠthe	 ﾠchange	 ﾠduring	 ﾠ
the	 ﾠday	 ﾠ(effect	 ﾠof	 ﾠBlock	 ﾠ(F(6,204)=4.281,	 ﾠp<0.001))	 ﾠdiffered	 ﾠbetween	 ﾠthe	 ﾠgroups.	 ﾠ	 ﾠThe	 ﾠmovement	 ﾠspeed	 ﾠ
of	 ﾠthe	 ﾠslow	 ﾠgroup	 ﾠreduced	 ﾠon	 ﾠthe	 ﾠfirst	 ﾠday	 ﾠfrom	 ﾠthe	 ﾠfirst	 ﾠto	 ﾠthe	 ﾠlast	 ﾠblock	 ﾠ(t(16)=2.349,	 ﾠp=0.032)	 ﾠand	 ﾠ




On	 ﾠthe	 ﾠfirst	 ﾠday	 ﾠthe	 ﾠspeed	 ﾠincreased	 ﾠbut	 ﾠnot	 ﾠstatistically	 ﾠand	 ﾠon	 ﾠconsecutive	 ﾠdays	 ﾠthe	 ﾠinitial	 ﾠvelocity	 ﾠ
was	 ﾠthe	 ﾠgreatest	 ﾠand	 ﾠlooked	 ﾠto	 ﾠbe	 ﾠless	 ﾠin	 ﾠthe	 ﾠlast	 ﾠblock	 ﾠof	 ﾠthe	 ﾠtraining	 ﾠsession	 ﾠ(post-ﾭ‐hoc	 ﾠt-ﾭ‐test,	 ﾠ
Bonferroni	 ﾠcorrected	 ﾠfor	 ﾠmultiple	 ﾠcomparisons,	 ﾠshow	 ﾠthat	 ﾠthis	 ﾠmeasure	 ﾠonly	 ﾠreached	 ﾠsignificance	 ﾠon	 ﾠ
day	 ﾠ3	 ﾠt(18)=3.369,	 ﾠp=0.018).	 ﾠThis	 ﾠcould	 ﾠbe	 ﾠindicative	 ﾠthat	 ﾠpatients	 ﾠtraining	 ﾠat	 ﾠthe	 ﾠfast	 ﾠmovement	 ﾠ
speed	 ﾠtired	 ﾠover	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠthe	 ﾠtraining	 ﾠsession.	 ﾠ
There	 ﾠwas	 ﾠno	 ﾠbetween-ﾭ‐group	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠsize	 ﾠof	 ﾠthe	 ﾠinitial	 ﾠerror	 ﾠ(Fig	 ﾠ5.2B&C)	 ﾠ(t(34)=-ﾭ‐
0.252;	 ﾠp=0.802)	 ﾠdespite	 ﾠvery	 ﾠdifferent	 ﾠmovement	 ﾠspeeds	 ﾠduring	 ﾠtraining.	 ﾠThe	 ﾠendpoint	 ﾠerror	 ﾠ
reduced	 ﾠsignificantly	 ﾠover	 ﾠthe	 ﾠ4	 ﾠtraining	 ﾠdays	 ﾠfrom	 ﾠthe	 ﾠfirst	 ﾠtraining	 ﾠblock	 ﾠto	 ﾠthe	 ﾠlast	 ﾠin	 ﾠthe	 ﾠslow	 ﾠ(Fig	 ﾠ
5.2C)	 ﾠ(t(16)=2.667;	 ﾠp=0.017	 ﾠ)	 ﾠbut	 ﾠnot	 ﾠthe	 ﾠfast	 ﾠ(Fig	 ﾠ5.2B)	 ﾠgroup	 ﾠhowever,	 ﾠno	 ﾠinteraction	 ﾠwas	 ﾠobserved	 ﾠ
in	 ﾠa	 ﾠrmANOVA	 ﾠ(Block(7)*	 ﾠDay(4)*	 ﾠGroup(2)).	 ﾠ	 ﾠThe	 ﾠamount	 ﾠof	 ﾠerror	 ﾠdid	 ﾠdiffer	 ﾠbetween	 ﾠdays	 ﾠ(effect	 ﾠof	 ﾠ
DAY	 ﾠ(F(3,102)=9.054;	 ﾠp=0.004),	 ﾠas	 ﾠwell	 ﾠas	 ﾠwithin	 ﾠeach	 ﾠtraining	 ﾠday	 ﾠ(effect	 ﾠof	 ﾠ	 ﾠBLOCK(F(6,204)=3.151;	 ﾠ
p=0.006)).	 ﾠ
These	 ﾠimprovements	 ﾠwhere	 ﾠmirrored	 ﾠin	 ﾠthe	 ﾠpoints	 ﾠthat	 ﾠsubjects	 ﾠreceived	 ﾠas	 ﾠa	 ﾠreward	 ﾠ
mechanism	 ﾠduring	 ﾠtraining	 ﾠ(Fig	 ﾠ5.2D).	 ﾠThere	 ﾠwas	 ﾠa	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠamount	 ﾠof	 ﾠpoints	 ﾠawarded	 ﾠ
between	 ﾠthe	 ﾠgroups	 ﾠ(Effect	 ﾠof	 ﾠGroup	 ﾠ(F(1,34)=6.724;	 ﾠp=0.014))	 ﾠbut	 ﾠno	 ﾠinteraction,	 ﾠdemonstrating	 ﾠthat	 ﾠ
the	 ﾠreward	 ﾠrate	 ﾠbetween	 ﾠthe	 ﾠgroups	 ﾠwas	 ﾠsimilar.	 ﾠ	 ﾠThe	 ﾠamount	 ﾠof	 ﾠreward	 ﾠincreased	 ﾠdaily	 ﾠ(effect	 ﾠof	 ﾠ
DAY	 ﾠ(F(3,102)=20.834;	 ﾠp<=0.001)	 ﾠas	 ﾠwell	 ﾠas	 ﾠper	 ﾠblock	 ﾠthroughout	 ﾠeach	 ﾠday’s	 ﾠtraining	 ﾠ(effect	 ﾠof	 ﾠBLOCK	 ﾠ
(F(6,204)=6.9;	 ﾠp<=0.001)),	 ﾠindicating	 ﾠon-ﾭ‐going	 ﾠimprovement	 ﾠand	 ﾠlearning	 ﾠthroughout	 ﾠthe	 ﾠtraining	 ﾠ
period.	 ﾠ	 ﾠ
Another	 ﾠmeasure	 ﾠof	 ﾠimproved	 ﾠskill,	 ﾠa	 ﾠreduction	 ﾠin	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠ
during	 ﾠthe	 ﾠtraining	 ﾠdays,	 ﾠwas	 ﾠinvestigated	 ﾠ(Fig.	 ﾠ5.2E).	 ﾠThere	 ﾠis	 ﾠa	 ﾠclear	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠamount	 ﾠof	 ﾠ
variability	 ﾠbetween	 ﾠthe	 ﾠgroups	 ﾠ(effect	 ﾠof	 ﾠGroup(F(1,34)=27.91;	 ﾠp<=0.001)),	 ﾠthe	 ﾠslow	 ﾠgroup	 ﾠbeing	 ﾠless	 ﾠ
variable	 ﾠat	 ﾠthe	 ﾠbeginning	 ﾠ(first	 ﾠBLOCK,	 ﾠday	 ﾠ1),	 ﾠ(t(34)=2.640;	 ﾠp=0.012)	 ﾠas	 ﾠwell	 ﾠas	 ﾠat	 ﾠthe	 ﾠend	 ﾠ(last	 ﾠBLOCK,	 ﾠ
day	 ﾠ4)	 ﾠof	 ﾠthe	 ﾠtraining	 ﾠperiod	 ﾠ(t(34)=4.916;	 ﾠp<=0.001)	 ﾠin	 ﾠa	 ﾠStudent	 ﾠunpaired	 ﾠt-ﾭ‐test.	 ﾠThe	 ﾠchange	 ﾠin	 ﾠ




continuous	 ﾠreduction	 ﾠin	 ﾠmaximum	 ﾠspeed	 ﾠvariability	 ﾠon	 ﾠa	 ﾠday-ﾭ‐by-ﾭ‐day	 ﾠbasis	 ﾠdemonstrated	 ﾠby	 ﾠan	 ﾠeffect	 ﾠ
of	 ﾠDay	 ﾠ(4)(F(3,102)=9.72;	 ﾠp<=0.001)	 ﾠas	 ﾠwell	 ﾠas	 ﾠ	 ﾠthrough-ﾭ‐out	 ﾠevery	 ﾠday	 ﾠby	 ﾠan	 ﾠeffect	 ﾠof	 ﾠBLOCK	 ﾠ(7)	 ﾠin	 ﾠa	 ﾠ3	 ﾠ
way	 ﾠrmANOVA	 ﾠ(F(6,204)=4.29;	 ﾠp<=0.001).	 ﾠThe	 ﾠgraph	 ﾠ(Fig	 ﾠ5.2E)	 ﾠsuggests	 ﾠthat	 ﾠretention	 ﾠof	 ﾠthis	 ﾠreduced	 ﾠ
movement	 ﾠspeed	 ﾠvariability	 ﾠis	 ﾠpoor.	 ﾠ	 ﾠForgetting	 ﾠcan	 ﾠbe	 ﾠconfirmed	 ﾠby	 ﾠan	 ﾠeffect	 ﾠof	 ﾠBLOCK	 ﾠ
(F(1,34)=10.675;	 ﾠp=0.002)	 ﾠin	 ﾠa	 ﾠ3wrmANOVA	 ﾠ(Block(2)*DAY(3)*GROUP(2).	 ﾠThe	 ﾠANOVA	 ﾠwas	 ﾠperformed	 ﾠ
comparing	 ﾠthe	 ﾠfirst	 ﾠBLOCK	 ﾠof	 ﾠDay	 ﾠx	 ﾠwith	 ﾠthe	 ﾠLast	 ﾠBlock	 ﾠof	 ﾠDay	 ﾠx-ﾭ‐1.	 ﾠThe	 ﾠforgetting	 ﾠobserved	 ﾠdiffered	 ﾠ
on	 ﾠthe	 ﾠdays,	 ﾠeffect	 ﾠof	 ﾠDAY	 ﾠ(F(2,68)=5.988;	 ﾠp=0.004),	 ﾠand	 ﾠa	 ﾠBLOCK*GROUP	 ﾠinteraction	 ﾠapproaching	 ﾠ
significance	 ﾠ(F(1,34)=4.106;	 ﾠp=0.051)	 ﾠwas	 ﾠobserved.	 ﾠThis	 ﾠforgetting	 ﾠdiffered	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠ
groups	 ﾠindicated	 ﾠby	 ﾠa	 ﾠmain	 ﾠeffect	 ﾠof	 ﾠGROUP	 ﾠ(F(1,34)=38.278;	 ﾠ	 ﾠp<=0.001).	 ﾠHowever	 ﾠpost-ﾭ‐hoc	 ﾠt-ﾭ‐tests,	 ﾠ
Bonferroni	 ﾠcorrected	 ﾠfor	 ﾠmultiple	 ﾠcomparisons	 ﾠdid	 ﾠnot	 ﾠconfirm	 ﾠthis	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠgroups.	 ﾠ
5.3.4. Performance ﾠchanges ﾠafter ﾠtraining ﾠ
5.3.4.1. Absolute ﾠError ﾠ
To	 ﾠinvestigate	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠ4	 ﾠdays	 ﾠof	 ﾠtraining	 ﾠon	 ﾠthe	 ﾠreaching	 ﾠability	 ﾠat	 ﾠtrained	 ﾠand	 ﾠnon-ﾭ‐
trained	 ﾠmovement	 ﾠspeed	 ﾠI	 ﾠmeasured	 ﾠendpoint	 ﾠaccuracy	 ﾠat	 ﾠthe	 ﾠfour	 ﾠset	 ﾠtarget	 ﾠspeeds.	 ﾠAccuracy	 ﾠwas	 ﾠ
defined	 ﾠas	 ﾠthe	 ﾠEuclidean	 ﾠdistance	 ﾠfrom	 ﾠthe	 ﾠcentre	 ﾠof	 ﾠthe	 ﾠtarget	 ﾠbefore	 ﾠand	 ﾠafter	 ﾠtraining.	 ﾠIn	 ﾠfigure	 ﾠ
5.3	 ﾠI	 ﾠshow	 ﾠthat	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠ(Fig.	 ﾠ5.3	 ﾠA)	 ﾠreduces	 ﾠtheir	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠtrained	 ﾠ(Target	 ﾠ
speed	 ﾠ4)	 ﾠbut	 ﾠalso	 ﾠfor	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeeds	 ﾠ(Target	 ﾠSpeed	 ﾠ(1-ﾭ‐slow,	 ﾠ2-ﾭ‐medium	 ﾠslow,	 ﾠ3-ﾭ‐
medium	 ﾠfast,	 ﾠ4-ﾭ‐fast)).	 ﾠThe	 ﾠsame	 ﾠpattern	 ﾠis	 ﾠseen	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠ(Fig	 ﾠ5.3B)	 ﾠwho	 ﾠreduced	 ﾠ
their	 ﾠendpoint	 ﾠerror	 ﾠat	 ﾠtheir	 ﾠtrained	 ﾠmovement	 ﾠspeed,	 ﾠnamely	 ﾠtarget	 ﾠspeed-ﾭ‐1,	 ﾠbut	 ﾠalso	 ﾠfor	 ﾠnon-ﾭ‐
trained	 ﾠspeeds.	 ﾠSince	 ﾠthe	 ﾠbaseline	 ﾠerror	 ﾠwas	 ﾠvariable	 ﾠbetween	 ﾠindividuals	 ﾠand	 ﾠan	 ﾠaverage	 ﾠ
improvement	 ﾠcan	 ﾠmisrepresent	 ﾠthe	 ﾠamount	 ﾠof	 ﾠchange	 ﾠin	 ﾠindividuals	 ﾠwith	 ﾠsmall	 ﾠerror,	 ﾠI	 ﾠanalysed	 ﾠ
improvement	 ﾠas	 ﾠa	 ﾠpercentage	 ﾠchange	 ﾠ(See	 ﾠchapter	 ﾠ3).	 ﾠAt	 ﾠbaseline	 ﾠassessment	 ﾠthere	 ﾠwas	 ﾠno	 ﾠ
difference	 ﾠbetween	 ﾠthe	 ﾠsize	 ﾠof	 ﾠthe	 ﾠerror	 ﾠbetween	 ﾠthe	 ﾠtraining	 ﾠgroups	 ﾠas	 ﾠdemonstrated	 ﾠby	 ﾠthe	 ﾠ
absence	 ﾠof	 ﾠan	 ﾠinteraction	 ﾠ(F(3,102)=0.565;	 ﾠp=0.639)	 ﾠor	 ﾠan	 ﾠeffect	 ﾠof	 ﾠGROUP	 ﾠ(F(1,34)=0.159;	 ﾠp=0.693)	 ﾠin	 ﾠa	 ﾠ




5.3C)	 ﾠshows	 ﾠa	 ﾠtraining	 ﾠspeed	 ﾠspecific	 ﾠimprovement	 ﾠin	 ﾠa	 ﾠ2wrmANOV	 ﾠby	 ﾠan	 ﾠinteraction	 ﾠof	 ﾠTarget	 ﾠ
Speed(4)*GROUP(2)	 ﾠ(F(3,102)=3.217;	 ﾠp=0.026)	 ﾠ.	 ﾠPost-ﾭ‐hoc	 ﾠanalysis	 ﾠof	 ﾠchange	 ﾠscores,	 ﾠBonferroni	 ﾠ
corrected	 ﾠfor	 ﾠmultiple	 ﾠcomparisons,	 ﾠdid	 ﾠnot	 ﾠfind	 ﾠa	 ﾠsignificant	 ﾠdifference	 ﾠat	 ﾠthe	 ﾠvarious	 ﾠTarget	 ﾠSpeeds.	 ﾠ
 ﾠ
Figure	 ﾠ5.3.	 ﾠChanges	 ﾠin	 ﾠabsolute	 ﾠerror	 ﾠfrom	 ﾠpre	 ﾠto	 ﾠpost-ﾭ‐training	 ﾠtesting.	 ﾠA)	 ﾠAverage	 ﾠendpoint	 ﾠ
error	 ﾠfor	 ﾠfast	 ﾠand	 ﾠB)	 ﾠslow	 ﾠ(+/-ﾭ‐	 ﾠSE)	 ﾠat	 ﾠeach	 ﾠof	 ﾠthe	 ﾠ4	 ﾠindividually	 ﾠset	 ﾠtarget	 ﾠspeeds.	 ﾠTarget	 ﾠspeed	 ﾠ
1=slow,	 ﾠ2=	 ﾠmedium	 ﾠslow,	 ﾠ3=medium	 ﾠfast,	 ﾠ4=fast.	 ﾠError	 ﾠis	 ﾠdepicted	 ﾠin	 ﾠcm	 ﾠbefore	 ﾠ(unfilled)	 ﾠ
and	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠdays.	 ﾠC)	 ﾠComparison	 ﾠof	 ﾠchange	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠ
and	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠ
5.3.4.2. Variable ﾠError ﾠ
This	 ﾠreduction	 ﾠin	 ﾠerror	 ﾠis	 ﾠnot	 ﾠonly	 ﾠevident	 ﾠin	 ﾠthe	 ﾠabsolute	 ﾠerror	 ﾠbut	 ﾠalso	 ﾠin	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠ
the	 ﾠerror	 ﾠaround	 ﾠthe	 ﾠmean	 ﾠ(Reynolds	 ﾠand	 ﾠDay,	 ﾠ2005).	 ﾠA	 ﾠchange	 ﾠin	 ﾠthis	 ﾠerror	 ﾠdemonstrates	 ﾠreduced	 ﾠ
variability	 ﾠin	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠa	 ﾠmotor	 ﾠtask	 ﾠ(Georgopoulos	 ﾠet	 ﾠal.,	 ﾠ1981)	 ﾠ(See	 ﾠchapter	 ﾠ3.7.1	 ﾠp.51).	 ﾠ
At	 ﾠbaseline	 ﾠassessment	 ﾠthere	 ﾠwas	 ﾠa	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠsize	 ﾠof	 ﾠthe	 ﾠvariable	 ﾠerror	 ﾠbetween	 ﾠthe	 ﾠ
training	 ﾠgroups	 ﾠas	 ﾠdemonstrated	 ﾠby	 ﾠan	 ﾠinteraction	 ﾠ(F(3,102)=2.842;	 ﾠp=0.042)	 ﾠbut	 ﾠno	 ﾠeffect	 ﾠof	 ﾠGROUP	 ﾠ
(F(1,34)=1.965;	 ﾠp=0.170)	 ﾠin	 ﾠa	 ﾠ2wrmANOVA	 ﾠTargetSpeed(4)*GROUP(2)	 ﾠhowever	 ﾠpost-ﾭ‐hoc	 ﾠt-ﾭ‐test,	 ﾠ
Bonferroni	 ﾠcorrected	 ﾠfor	 ﾠmultiple	 ﾠcomparisons,	 ﾠdid	 ﾠnot	 ﾠindicate	 ﾠa	 ﾠsignificant	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠ




As	 ﾠthis	 ﾠis	 ﾠthe	 ﾠonly	 ﾠmeasure	 ﾠwhere	 ﾠthe	 ﾠbaseline	 ﾠscores	 ﾠdiffered,	 ﾠthe	 ﾠstanderd	 ﾠanalysis	 ﾠ
techniques	 ﾠof	 ﾠanalysing	 ﾠpercentage	 ﾠchange	 ﾠwas	 ﾠmaintained	 ﾠfor	 ﾠthis	 ﾠmeasure.	 ﾠ	 ﾠThe	 ﾠpercentage	 ﾠ
reduction	 ﾠof	 ﾠthe	 ﾠvariable	 ﾠerror	 ﾠ(Fig	 ﾠ5.4)	 ﾠwas	 ﾠdifferent	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠ(Fig	 ﾠ5.4A-ﾭ‐C)	 ﾠ
demonstrated	 ﾠby	 ﾠan	 ﾠinteration	 ﾠin	 ﾠa	 ﾠ2w	 ﾠrmANOVA	 ﾠTargetSpeed(4)	 ﾠGROUP(2)	 ﾠ(F(2.438,	 ﾠ82.885)=6.093,	 ﾠ
p=0.002).	 ﾠThis	 ﾠwas	 ﾠdifferent	 ﾠbetween	 ﾠthe	 ﾠGROUPS	 ﾠ(F(1,34)=6.090,	 ﾠp=0.019)	 ﾠhowever	 ﾠonly	 ﾠat	 ﾠthe	 ﾠslow	 ﾠ
TargetSpeed	 ﾠwhere	 ﾠthe	 ﾠbaseline	 ﾠerror	 ﾠdiffered	 ﾠ(Bonferroni	 ﾠcorrected	 ﾠindependent	 ﾠ2-ﾭ‐tailed	 ﾠt-ﾭ‐test	 ﾠ
t(16)=-ﾭ‐3.432	 ﾠ;	 ﾠp=0.012	 ﾠ).	 ﾠ 	 ﾠ
 ﾠ
Figure	 ﾠ5.4.	 ﾠVariable	 ﾠendpoint	 ﾠerror.	 ﾠA)	 ﾠDemonstrating	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠerror	 ﾠaround	 ﾠthe	 ﾠ
mean	 ﾠabsolute	 ﾠerror	 ﾠfor	 ﾠthe	 ﾠfast(red)	 ﾠtraining	 ﾠgroup	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠ
training	 ﾠat	 ﾠthe	 ﾠ4	 ﾠset	 ﾠtarget	 ﾠspeeds	 ﾠ(1,	 ﾠslow;	 ﾠ2,	 ﾠmedium	 ﾠslow;	 ﾠ3,	 ﾠmedium	 ﾠfast;	 ﾠ4,	 ﾠfast)	 ﾠand	 ﾠB)	 ﾠ
for	 ﾠthe	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠC)	 ﾠCompares	 ﾠthe	 ﾠpercentage	 ﾠof	 ﾠchange	 ﾠin	 ﾠvariable	 ﾠerror	 ﾠ
observed	 ﾠat	 ﾠthe	 ﾠ4	 ﾠtarget	 ﾠspeeds	 ﾠbetween	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow(blue)	 ﾠtraining	 ﾠgroup.	 ﾠ
5.3.4.3. Signed ﾠerror ﾠ
In	 ﾠthis	 ﾠpopulation	 ﾠof	 ﾠstroke	 ﾠpatients	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠthe	 ﾠendpoint	 ﾠerror	 ﾠaround	 ﾠthe	 ﾠtarget	 ﾠ
was	 ﾠnot	 ﾠsymmetrical.	 ﾠA	 ﾠbias	 ﾠto	 ﾠundershoot	 ﾠwas	 ﾠobserved	 ﾠ(Fig	 ﾠ5.5A).	 ﾠ	 ﾠThis	 ﾠinability	 ﾠto	 ﾠreach	 ﾠthe	 ﾠfull	 ﾠ
20cm	 ﾠcould	 ﾠbe	 ﾠdue	 ﾠto	 ﾠa	 ﾠnumber	 ﾠof	 ﾠimpairments.	 ﾠOne	 ﾠimpairment,	 ﾠspasticity	 ﾠcould	 ﾠcause	 ﾠthis	 ﾠ




investigated	 ﾠthis	 ﾠby	 ﾠsplitting	 ﾠparticipants	 ﾠinto	 ﾠgroups	 ﾠof	 ﾠindividuals	 ﾠwith	 ﾠmild	 ﾠand	 ﾠmoderate	 ﾠ
spasticity.	 ﾠIndividuals	 ﾠwith	 ﾠmoderate	 ﾠspasticity	 ﾠ(MAS>=1+)	 ﾠtended	 ﾠto	 ﾠundershoot	 ﾠat	 ﾠall	 ﾠtarget	 ﾠspeeds	 ﾠ
prior	 ﾠto	 ﾠtraining	 ﾠ(mean=-ﾭ‐2.62cm,	 ﾠSD=3.66cm)	 ﾠ(Fig	 ﾠ5.5A)	 ﾠ(One	 ﾠway	 ﾠANOVA	 ﾠ(SPASSEV);F(1,43)=14.403,	 ﾠ
p<=0.001)	 ﾠin	 ﾠcontrast	 ﾠindividuals	 ﾠwith	 ﾠmild	 ﾠspasticity	 ﾠ(MAS<=1)	 ﾠended	 ﾠtheir	 ﾠmovement	 ﾠwith	 ﾠonly	 ﾠa	 ﾠ
small	 ﾠundershoot	 ﾠ(mean=-ﾭ‐0.55,	 ﾠSD=	 ﾠ2.50cm)	 ﾠ(Fig	 ﾠ5.5B).	 ﾠThe	 ﾠperpendicular	 ﾠerror	 ﾠwas	 ﾠalso	 ﾠbiased	 ﾠto	 ﾠ
end	 ﾠmovement	 ﾠin	 ﾠthe	 ﾠcontra-ﾭ‐lesional	 ﾠworkspace	 ﾠfor	 ﾠindividuals	 ﾠwith	 ﾠspasticity	 ﾠ(mean=-ﾭ‐1.43cm,	 ﾠ
SD=2.23)	 ﾠ(Fig	 ﾠ5.5A)	 ﾠbut	 ﾠnot	 ﾠfor	 ﾠindividuals	 ﾠwith	 ﾠno	 ﾠor	 ﾠmild	 ﾠspasticity	 ﾠ(mean=-ﾭ‐0.57,	 ﾠSD=1.59).	 ﾠThis	 ﾠ
finding	 ﾠwas	 ﾠconfirmed	 ﾠby	 ﾠa.	 ﾠeffect	 ﾠof	 ﾠspasticity	 ﾠseverity	 ﾠin	 ﾠa	 ﾠone-ﾭ‐way	 ﾠANOVA	 ﾠ(F(1,143)=6.522,	 ﾠp=0.012).	 ﾠ
5.3.4.4. Parallel ﾠerror ﾠ
Difficulties	 ﾠto	 ﾠperform	 ﾠoutward	 ﾠreaching	 ﾠmovements	 ﾠwith	 ﾠincreased	 ﾠclinical	 ﾠimpairment	 ﾠ
after	 ﾠstroke	 ﾠare	 ﾠwell	 ﾠestablished	 ﾠ(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004)	 ﾠhowever,	 ﾠthe	 ﾠquestion	 ﾠis	 ﾠwhether	 ﾠthis	 ﾠ
translates	 ﾠinto	 ﾠa	 ﾠgreater	 ﾠerror	 ﾠin	 ﾠextent	 ﾠof	 ﾠmovement	 ﾠcompared	 ﾠwith	 ﾠdirection.	 ﾠTherefore,	 ﾠto	 ﾠ
differentiate	 ﾠbetween	 ﾠchanges	 ﾠin	 ﾠreaching	 ﾠextent	 ﾠand	 ﾠdirectional	 ﾠaccuracy	 ﾠI	 ﾠdivided	 ﾠthe	 ﾠabsolute	 ﾠ
error	 ﾠinto	 ﾠa	 ﾠparallel	 ﾠ(over-ﾭ‐shoot	 ﾠand	 ﾠundershoot)	 ﾠand	 ﾠa	 ﾠperpendicular	 ﾠerror.	 ﾠ	 ﾠ
There	 ﾠwas	 ﾠno	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠfast	 ﾠand	 ﾠslow	 ﾠparallel	 ﾠerror	 ﾠbefore	 ﾠtraining.	 ﾠHowever	 ﾠ
the	 ﾠextent	 ﾠof	 ﾠthe	 ﾠparallel	 ﾠerror	 ﾠwas	 ﾠaltered	 ﾠby	 ﾠthe	 ﾠtraining	 ﾠmost	 ﾠnotably	 ﾠat	 ﾠthe	 ﾠtrained	 ﾠspeed	 ﾠ(Fig	 ﾠ
5.5E);	 ﾠthe	 ﾠfast	 ﾠgroup	 ﾠimproved	 ﾠtheir	 ﾠmovement	 ﾠaccuracy	 ﾠat	 ﾠfast	 ﾠspeed	 ﾠand	 ﾠthe	 ﾠslow	 ﾠgroup	 ﾠat	 ﾠthe	 ﾠ
slow	 ﾠspeed	 ﾠindicated	 ﾠby	 ﾠa	 ﾠTargetSpeed*	 ﾠGROUP	 ﾠinteraction	 ﾠof	 ﾠthe	 ﾠpercentage	 ﾠchange	 ﾠin	 ﾠmovement	 ﾠ
accuracy	 ﾠ(2w	 ﾠrmANOVA	 ﾠ(F(3,102)=7.834,	 ﾠp<=0.001).	 ﾠBut	 ﾠBonferroni	 ﾠpost-ﾭ‐hoc	 ﾠcorrected	 ﾠt-ﾭ‐tests	 ﾠcould	 ﾠ
not	 ﾠconfirm	 ﾠsignificant	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠgroups.	 ﾠThe	 ﾠtraining	 ﾠspeed	 ﾠspecific	 ﾠimprovement	 ﾠdid	 ﾠ
not	 ﾠgeneralise	 ﾠbroadly	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠtarget	 ﾠspeeds,	 ﾠindicating	 ﾠtwo	 ﾠdistinct	 ﾠmechanisms	 ﾠfor	 ﾠ






Figure	 ﾠ5.5.	 ﾠDistribution	 ﾠof	 ﾠendpoint	 ﾠerror.	 ﾠA-ﾭ‐B)	 ﾠAverage	 ﾠendpoint	 ﾠlocation	 ﾠat	 ﾠthe	 ﾠ4	 ﾠset	 ﾠtarget	 ﾠ
speeds	 ﾠfor	 ﾠeach	 ﾠindividual	 ﾠsplit	 ﾠfor	 ﾠindividuals	 ﾠwith	 ﾠmoderate	 ﾠ(A)	 ﾠand	 ﾠmild	 ﾠ(B)	 ﾠspasticity.	 ﾠData	 ﾠ
of	 ﾠindividuals	 ﾠwith	 ﾠleft	 ﾠhemiplegia	 ﾠis	 ﾠmirrored	 ﾠalong	 ﾠy-ﾭ‐axis.	 ﾠC-ﾭ‐E).	 ﾠParallel	 ﾠendpoint	 ﾠerror	 ﾠfor	 ﾠ
fast	 ﾠ(C)	 ﾠand	 ﾠslow	 ﾠ(E)	 ﾠtraining	 ﾠgroup.	 ﾠPresenting	 ﾠparallel	 ﾠerror	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ
(filled)	 ﾠ4	 ﾠtraining	 ﾠdays.	 ﾠE)	 ﾠComparison	 ﾠof	 ﾠchange	 ﾠin	 ﾠparallel	 ﾠerror	 ﾠat	 ﾠthe	 ﾠ4	 ﾠtarget	 ﾠspeeds	 ﾠfor	 ﾠ
the	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠF-ﾭ‐H)	 ﾠPerpendicular	 ﾠerror	 ﾠfor	 ﾠfast	 ﾠ(F)	 ﾠand	 ﾠslow	 ﾠ
(G)	 ﾠtraining	 ﾠgroup	 ﾠand	 ﾠcomparison	 ﾠbetween	 ﾠgroups	 ﾠ(H).	 ﾠ
 ﾠ
5.3.4.5. Perpendicular ﾠerror ﾠ
Perpendicular	 ﾠaccuracy	 ﾠ(Fig	 ﾠ5.5F&G)	 ﾠwas	 ﾠvery	 ﾠsimilar	 ﾠat	 ﾠhigh	 ﾠvelocity	 ﾠand	 ﾠlow	 ﾠvelocity	 ﾠbefore	 ﾠ
or	 ﾠafter	 ﾠtraining,	 ﾠwithout	 ﾠdemonstrating	 ﾠa	 ﾠspeed-ﾭ‐accuracy	 ﾠtrade-ﾭ‐off.	 ﾠThis	 ﾠerror	 ﾠwas	 ﾠsignificantly	 ﾠ
smaller	 ﾠthan	 ﾠthe	 ﾠparallel	 ﾠerror	 ﾠat	 ﾠFast(t(70)=-ﾭ‐2.398,	 ﾠp=0.019),	 ﾠMedFast(t(70)=-ﾭ‐1.969,	 ﾠp=0.053),and	 ﾠ
MedSlow	 ﾠtarget	 ﾠspeed(t(70)=-ﾭ‐2.124,	 ﾠp=0.037)	 ﾠbut	 ﾠnot	 ﾠat	 ﾠthe	 ﾠSlow	 ﾠtarget	 ﾠspeed(t(70)=-ﾭ‐1.495	 ﾠp=0.139).	 ﾠ
There	 ﾠwas	 ﾠno	 ﾠdifference	 ﾠof	 ﾠthe	 ﾠperpendicular	 ﾠerror	 ﾠbefore	 ﾠtraining	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups.	 ﾠ




5.5F&G)	 ﾠand	 ﾠthis	 ﾠgeneralised	 ﾠvery	 ﾠbroadly	 ﾠto	 ﾠall	 ﾠtested	 ﾠmovement	 ﾠspeeds	 ﾠ(Fig	 ﾠ5.5H)	 ﾠdemonstrated	 ﾠ
by	 ﾠan	 ﾠeffect	 ﾠof	 ﾠTIME	 ﾠin	 ﾠa	 ﾠ3	 ﾠway	 ﾠrmANOVA	 ﾠ(F(1,34)=14.651,	 ﾠp=0.001).	 ﾠ	 ﾠ
5.3.4.6. Movement ﾠspeed ﾠvariability ﾠ
Because	 ﾠI	 ﾠwanted	 ﾠto	 ﾠprobe	 ﾠpossible	 ﾠfactors	 ﾠthat	 ﾠcould	 ﾠcontribute	 ﾠto	 ﾠthe	 ﾠincreased	 ﾠaccuracy	 ﾠ
observed,	 ﾠI	 ﾠalso	 ﾠmeasured	 ﾠhow	 ﾠtraining	 ﾠaltered	 ﾠthe	 ﾠtemporal	 ﾠvariability	 ﾠof	 ﾠthis	 ﾠmovement.	 ﾠAt	 ﾠ
baseline	 ﾠassessment	 ﾠthere	 ﾠwas	 ﾠno	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠamount	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠ
between	 ﾠthe	 ﾠtraining	 ﾠgroups	 ﾠas	 ﾠdemonstrated	 ﾠby	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠan	 ﾠinteraction	 ﾠ(F(3,102)=1.112;	 ﾠ
p=0.348)	 ﾠor	 ﾠan	 ﾠeffect	 ﾠof	 ﾠGROUP	 ﾠ(F(1,34)=0.610;	 ﾠp=0.440)	 ﾠin	 ﾠa	 ﾠ2wrmANOVA	 ﾠTargetSpeed(4)*GROUP(2).	 ﾠ	 ﾠ
 ﾠ
Figure	 ﾠ5.6.	 ﾠComparison	 ﾠof	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠvariance	 ﾠof	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠA-ﾭ‐C)	 ﾠdue	 ﾠ
to	 ﾠtraining.	 ﾠA)	 ﾠdata	 ﾠfrom	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠ
set	 ﾠtarget	 ﾠspeeds	 ﾠof	 ﾠ1-ﾭ‐4.	 ﾠB)	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠmeasures.	 ﾠPlot	 ﾠC)	 ﾠplots	 ﾠthe	 ﾠpercentage	 ﾠ
change	 ﾠof	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠvariance	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups.	 ﾠ	 ﾠ
	 ﾠ	 ﾠ
The	 ﾠvariability	 ﾠof	 ﾠthe	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠ(SD)	 ﾠ(Fig	 ﾠ5.6)	 ﾠwas	 ﾠreduced	 ﾠfor	 ﾠboth	 ﾠtraining	 ﾠ
conditions	 ﾠ(Fig	 ﾠ5.6A&B)	 ﾠbut	 ﾠspecifically	 ﾠfor	 ﾠthe	 ﾠtrained	 ﾠand	 ﾠclosely	 ﾠrelated	 ﾠtarget	 ﾠspeeds	 ﾠ(Fig	 ﾠ5.6C)	 ﾠ
indicated	 ﾠby	 ﾠan	 ﾠinteraction	 ﾠin	 ﾠa	 ﾠ2way	 ﾠrmANOVA	 ﾠ(F(2.455;83.483)	 ﾠ=4.428;	 ﾠp=0.010).	 ﾠThis	 ﾠimprovement	 ﾠ
mirrors	 ﾠthe	 ﾠchanges	 ﾠobserved	 ﾠin	 ﾠspatial	 ﾠperformance	 ﾠbut	 ﾠthe	 ﾠtraining	 ﾠspeed	 ﾠspecific	 ﾠeffect	 ﾠwas	 ﾠnot	 ﾠ




5.3.5. Influence ﾠof ﾠtraining ﾠon ﾠmovement ﾠkinematics ﾠ ﾠ
The	 ﾠinteractions	 ﾠobserved	 ﾠin	 ﾠimproved	 ﾠaccuracy	 ﾠpoint	 ﾠto	 ﾠtraining-ﾭ‐speed-ﾭ‐specific	 ﾠ
improvements.	 ﾠThis	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠlearn	 ﾠsomething	 ﾠinherently	 ﾠdifferent	 ﾠ
which	 ﾠcan	 ﾠnot	 ﾠbe	 ﾠtransferred	 ﾠfor	 ﾠtask	 ﾠachievemet	 ﾠat	 ﾠthe	 ﾠopposite	 ﾠtarget	 ﾠspeed.	 ﾠI	 ﾠtherefore	 ﾠanalysed	 ﾠ
alterations	 ﾠin	 ﾠmovement	 ﾠkinematics	 ﾠto	 ﾠinvestigate	 ﾠif	 ﾠthe	 ﾠtraining	 ﾠaltered	 ﾠthe	 ﾠway	 ﾠthat	 ﾠmovements	 ﾠ
were	 ﾠperformed.	 ﾠChanges	 ﾠin	 ﾠthe	 ﾠshape	 ﾠof	 ﾠvelocity	 ﾠprofiles	 ﾠcan	 ﾠindicate	 ﾠdifferent	 ﾠ	 ﾠlearning	 ﾠ
mechanisms.	 ﾠFeedforward	 ﾠmechanisms	 ﾠtend	 ﾠto	 ﾠreduce	 ﾠthe	 ﾠvariability	 ﾠof	 ﾠthe	 ﾠprofiles	 ﾠwhereas	 ﾠ
feedback	 ﾠlearning	 ﾠmechanisms	 ﾠcan	 ﾠskew	 ﾠthe	 ﾠprofiles	 ﾠby	 ﾠupdating	 ﾠthe	 ﾠcomand	 ﾠduring	 ﾠmovement	 ﾠ
(Shadmehr	 ﾠand	 ﾠWise,	 ﾠ2005).	 ﾠ	 ﾠ
Because	 ﾠthe	 ﾠreaching	 ﾠdistance	 ﾠdiffered	 ﾠbetween	 ﾠindividuals	 ﾠI	 ﾠexpressed	 ﾠthe	 ﾠdistance	 ﾠas	 ﾠa	 ﾠ
percentage	 ﾠof	 ﾠa	 ﾠtrial-ﾭ‐by-ﾭ‐trial	 ﾠmean	 ﾠamplitude	 ﾠ(Fig	 ﾠ5.7).	 ﾠI	 ﾠhave	 ﾠquantified	 ﾠthis	 ﾠchange	 ﾠin	 ﾠthe	 ﾠvelocity	 ﾠ
profile	 ﾠto	 ﾠmeasuring	 ﾠthe	 ﾠpoint	 ﾠin	 ﾠthe	 ﾠmovement	 ﾠwhen	 ﾠpeak	 ﾠvelocity	 ﾠwas	 ﾠreached.	 ﾠA	 ﾠperfect	 ﾠbell-ﾭ‐
shape	 ﾠwould	 ﾠbe	 ﾠhalf	 ﾠway	 ﾠthrough	 ﾠthe	 ﾠmovement	 ﾠas	 ﾠdemonstrated	 ﾠin	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠbefore	 ﾠ
and	 ﾠafter	 ﾠtraining.	 ﾠ	 ﾠOverall	 ﾠthe	 ﾠpatients	 ﾠhad	 ﾠa	 ﾠbell	 ﾠshaped	 ﾠvelocity	 ﾠprofile,	 ﾠbut	 ﾠtraining	 ﾠchanged	 ﾠthe	 ﾠ
time	 ﾠof	 ﾠthe	 ﾠpeak	 ﾠvelocity	 ﾠin	 ﾠa	 ﾠsubtle	 ﾠway	 ﾠthat	 ﾠdiffered	 ﾠbetween	 ﾠthe	 ﾠgroups	 ﾠand	 ﾠaltered	 ﾠthe	 ﾠarea-ﾭ‐
under-ﾭ‐the-ﾭ‐curve	 ﾠ(AUC)	 ﾠfor	 ﾠthe	 ﾠfirst	 ﾠhalf	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠ(Interaction,	 ﾠ2wrm	 ﾠANOVA	 ﾠof	 ﾠ
TargetSpeed(4)*	 ﾠGROUP(2)	 ﾠ(F(3,102)=3.451,	 ﾠp=0.019).	 ﾠThere	 ﾠwas	 ﾠno	 ﾠdifference	 ﾠof	 ﾠwhen	 ﾠmaximum	 ﾠ
movement	 ﾠspeed	 ﾠwas	 ﾠreached	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠbefore	 ﾠtraining.	 ﾠIn	 ﾠBonferroni	 ﾠadjusted	 ﾠpost-ﾭ‐hoc	 ﾠt-ﾭ‐
test	 ﾠthis	 ﾠdifference	 ﾠwas	 ﾠhowever	 ﾠnot	 ﾠstatistically	 ﾠsignificant.	 ﾠ
 ﾠ
	 ﾠ
Figure	 ﾠ5.7.	 ﾠChanges	 ﾠto	 ﾠvelocity	 ﾠprofiles	 ﾠinduced	 ﾠby	 ﾠtraining.	 ﾠGroup	 ﾠaverage,	 ﾠinterpolated	 ﾠto	 ﾠ




(A),	 ﾠtarget	 ﾠspeed	 ﾠ2	 ﾠ(medium	 ﾠslow)	 ﾠ(B),	 ﾠtarget	 ﾠspeed	 ﾠ3	 ﾠ(medium	 ﾠfast)	 ﾠ(C)	 ﾠand	 ﾠtarget	 ﾠspeed	 ﾠ4	 ﾠ
(fast)	 ﾠ(D).	 ﾠ
 ﾠ
In	 ﾠaddition	 ﾠto	 ﾠthe	 ﾠalterations	 ﾠin	 ﾠthe	 ﾠvelocity	 ﾠprofile	 ﾠI	 ﾠcan	 ﾠalso	 ﾠquantify	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠ
movement	 ﾠtrajectory,	 ﾠhere	 ﾠanalysed	 ﾠas	 ﾠthe	 ﾠstraightness	 ﾠof	 ﾠthe	 ﾠmovement,	 ﾠnamely	 ﾠthe	 ﾠdeviation	 ﾠ
from	 ﾠthe	 ﾠdirect	 ﾠpath	 ﾠbetween	 ﾠthe	 ﾠmovement	 ﾠstart-ﾭ‐	 ﾠand	 ﾠendpoint.	 ﾠThere	 ﾠwas	 ﾠno	 ﾠdifferent	 ﾠbetween	 ﾠ
the	 ﾠlength	 ﾠof	 ﾠthe	 ﾠinitial	 ﾠmovement	 ﾠpath	 ﾠbetween	 ﾠthe	 ﾠtraining	 ﾠgroups.	 ﾠAll	 ﾠparticipants	 ﾠperformed	 ﾠ
straighter	 ﾠreaching	 ﾠmovements	 ﾠafter	 ﾠtraining	 ﾠindicated	 ﾠby	 ﾠan	 ﾠeffect	 ﾠof	 ﾠTIME	 ﾠin	 ﾠa	 ﾠ3wrmANOVA	 ﾠ(F(1	 ﾠ
34)=8.536,	 ﾠp=0.006)	 ﾠ(Fig	 ﾠ5.8)	 ﾠbut	 ﾠthere	 ﾠwas	 ﾠno	 ﾠinteraction	 ﾠor	 ﾠeffect	 ﾠof	 ﾠgroup	 ﾠindicating	 ﾠthat	 ﾠthe	 ﾠ
improvement	 ﾠwas	 ﾠno	 ﾠsignificantly	 ﾠdifferent	 ﾠbetween	 ﾠthe	 ﾠgroups.	 ﾠ
 ﾠ
Figure	 ﾠ5.8.	 ﾠMovement	 ﾠpath	 ﾠlength	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠcalculated	 ﾠas	 ﾠa	 ﾠ
percentage	 ﾠof	 ﾠmovement	 ﾠlength	 ﾠdivided	 ﾠby	 ﾠEuclidean	 ﾠdistance	 ﾠbetween	 ﾠmovement	 ﾠstart	 ﾠand	 ﾠ
end	 ﾠposition	 ﾠfor	 ﾠfast	 ﾠ(A)	 ﾠand	 ﾠslow	 ﾠ(B)	 ﾠtraining	 ﾠgroup.	 ﾠ	 ﾠ
 ﾠ
5.3.6. Training ﾠinduced ﾠchanges ﾠin ﾠimpairment ﾠ
5.3.6.1. Workspace ﾠ
I	 ﾠfurther	 ﾠinvestigated	 ﾠif	 ﾠany	 ﾠimprovement	 ﾠin	 ﾠreaching	 ﾠwas	 ﾠconfined	 ﾠto	 ﾠreaching	 ﾠwith	 ﾠthe	 ﾠarm	 ﾠ
in	 ﾠthe	 ﾠmanipulandum	 ﾠby	 ﾠinvestigating	 ﾠthe	 ﾠfunctional	 ﾠworkspace	 ﾠfor	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb.	 ﾠ




clockwise	 ﾠand	 ﾠanticlockwise	 ﾠdirections.	 ﾠ(See	 ﾠexample	 ﾠdata	 ﾠof	 ﾠ1	 ﾠparticipant	 ﾠFig	 ﾠ5.9A	 ﾠfor	 ﾠthe	 ﾠdifferent	 ﾠ
reaching	 ﾠconditions).	 ﾠTwo	 ﾠdatasets	 ﾠ(1	 ﾠfrom	 ﾠeach	 ﾠtraining	 ﾠgroup)	 ﾠhad	 ﾠto	 ﾠbe	 ﾠexcluded	 ﾠin	 ﾠthis	 ﾠanalysis	 ﾠ
because	 ﾠof	 ﾠpoor	 ﾠquality	 ﾠof	 ﾠdata.	 ﾠThere	 ﾠwas	 ﾠno	 ﾠsignificant	 ﾠdifference	 ﾠbetween	 ﾠsupported	 ﾠand	 ﾠ
unsupported	 ﾠreaches	 ﾠin	 ﾠeither	 ﾠreaching	 ﾠdistance	 ﾠnor	 ﾠarea	 ﾠunder	 ﾠthe	 ﾠcurve	 ﾠ(AOC)	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠ
average	 ﾠmeasure	 ﾠare	 ﾠused	 ﾠduring	 ﾠanalysis.	 ﾠ
The	 ﾠchange	 ﾠin	 ﾠreach	 ﾠextent	 ﾠmost	 ﾠclosely	 ﾠreflects	 ﾠthe	 ﾠtrained	 ﾠmovement	 ﾠand	 ﾠreductions	 ﾠin	 ﾠ
reach	 ﾠextent	 ﾠare	 ﾠa	 ﾠwell-ﾭ‐known	 ﾠlimitation	 ﾠafter	 ﾠstroke	 ﾠ(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠFig	 ﾠ5.9B	 ﾠshows	 ﾠthe	 ﾠ
difference	 ﾠin	 ﾠthe	 ﾠreaching	 ﾠdistance	 ﾠin	 ﾠworkspace	 ﾠ(improved	 ﾠexcursion	 ﾠin	 ﾠreach	 ﾠextent	 ﾠon	 ﾠthe	 ﾠy-ﾭ‐axis)	 ﾠ
before	 ﾠand	 ﾠafter	 ﾠtraining	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups.	 ﾠFor	 ﾠsupported	 ﾠreaches	 ﾠthere	 ﾠwas	 ﾠa	 ﾠeffect	 ﾠof	 ﾠ
TIME(F(1,31)=4.806;	 ﾠp=0.036)	 ﾠin	 ﾠa	 ﾠ2wrmANOVA	 ﾠand	 ﾠpost-ﾭ‐hoc	 ﾠanalysis	 ﾠindicated	 ﾠthat	 ﾠthe	 ﾠdistance	 ﾠwas	 ﾠ
not	 ﾠsignificantly	 ﾠincreased	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠhowever	 ﾠit	 ﾠwas	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠ(t(15)=-ﾭ‐2.228	 ﾠ,p=0.032)	 ﾠtraining	 ﾠ
group.	 ﾠFor	 ﾠunsupported	 ﾠreaches	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠTIME	 ﾠ(F(1,31)=3.951;	 ﾠp=0.056)	 ﾠ	 ﾠwas	 ﾠonly	 ﾠapproaching	 ﾠ
significance.	 ﾠThe	 ﾠaverage	 ﾠincrease	 ﾠin	 ﾠreaching	 ﾠdistance	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠwas	 ﾠ6.2	 ﾠcm	 ﾠ(SD+/-ﾭ‐	 ﾠ
6.8cm)	 ﾠand	 ﾠ5.3	 ﾠcm	 ﾠ(SD+/-ﾭ‐	 ﾠ8.2cm)	 ﾠfor	 ﾠthe	 ﾠsupported	 ﾠand	 ﾠun-ﾭ‐supported	 ﾠreaches	 ﾠrespectively.	 ﾠ	 ﾠ





Figure	 ﾠ5.9.	 ﾠWorkspace.	 ﾠA)	 ﾠReaching	 ﾠpath	 ﾠof	 ﾠa	 ﾠrepresentative	 ﾠparticipant	 ﾠfor	 ﾠperformance	 ﾠon	 ﾠ
workspace	 ﾠtask	 ﾠbefore	 ﾠ(dashed)	 ﾠand	 ﾠafter	 ﾠ(solid	 ﾠline)	 ﾠtraining	 ﾠin	 ﾠsupported	 ﾠclockwise,	 ﾠ
supported	 ﾠanti-ﾭ‐clockwise,	 ﾠunsupported	 ﾠclockwise	 ﾠand	 ﾠunsupported	 ﾠanti-ﾭ‐clockwise	 ﾠdirection.	 ﾠ
Mean	 ﾠreach	 ﾠextent	 ﾠ(B)	 ﾠand	 ﾠAUC	 ﾠ(C)	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠfast	 ﾠ(red)	 ﾠ
and	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup	 ﾠduring	 ﾠsupported	 ﾠand	 ﾠunsupported	 ﾠreaches.	 ﾠ
 ﾠ
5.3.6.2. Spasticity ﾠ
Another	 ﾠimpairment,	 ﾠbiceps	 ﾠspasticity	 ﾠmeasured	 ﾠwith	 ﾠthe	 ﾠmodified	 ﾠAshworth	 ﾠscale	 ﾠ(Fig	 ﾠ
5.10A),	 ﾠreduced	 ﾠin	 ﾠthe	 ﾠgroup	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed.	 ﾠ(Related	 ﾠsamples,	 ﾠWilcoxon	 ﾠsigned	 ﾠ
rank	 ﾠtest,	 ﾠp=0.046)	 ﾠbut	 ﾠnot	 ﾠfor	 ﾠthe	 ﾠindividuals	 ﾠtraining	 ﾠat	 ﾠslow	 ﾠmovements	 ﾠp=	 ﾠ0.581.	 ﾠSimilarly	 ﾠthe	 ﾠ
changes	 ﾠin	 ﾠmeasures	 ﾠof	 ﾠthe	 ﾠFugl-ﾭ‐Meyer	 ﾠupper	 ﾠlimb	 ﾠsubset	 ﾠ(Fig	 ﾠ5.10B)	 ﾠwere	 ﾠsignificant	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ
training	 ﾠgroup,	 ﾠp=0.004	 ﾠbut	 ﾠnot	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠ(p=0.230).	 ﾠBoth	 ﾠof	 ﾠthese	 ﾠchanges	 ﾠare	 ﾠvery	 ﾠ
small	 ﾠimprovements	 ﾠand	 ﾠare	 ﾠnot	 ﾠclinically	 ﾠsignificant,	 ﾠhowever	 ﾠit	 ﾠis	 ﾠinteresting	 ﾠthat	 ﾠsuch	 ﾠa	 ﾠbrief	 ﾠ
training	 ﾠperiod	 ﾠof	 ﾠ4	 ﾠdays	 ﾠwas	 ﾠable	 ﾠto	 ﾠinduce	 ﾠa	 ﾠreduction	 ﾠin	 ﾠimpairment	 ﾠin	 ﾠthis	 ﾠgroup	 ﾠof	 ﾠchronic	 ﾠstroke	 ﾠ





Figure	 ﾠ5.10.	 ﾠA)	 ﾠMean	 ﾠspasticity	 ﾠand	 ﾠB)	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠ
training	 ﾠgroups	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining.	 ﾠ
 ﾠ
5.3.7. Influence ﾠof ﾠimpairment ﾠon ﾠperformance ﾠand ﾠlearning ﾠ
The	 ﾠrelationship	 ﾠbetween	 ﾠa	 ﾠnumber	 ﾠof	 ﾠmeasures	 ﾠof	 ﾠimpairment,	 ﾠthe	 ﾠability	 ﾠto	 ﾠperform	 ﾠthe	 ﾠ
reaching	 ﾠmovement	 ﾠat	 ﾠbaseline	 ﾠand	 ﾠthe	 ﾠamount	 ﾠof	 ﾠimprovement	 ﾠobserved	 ﾠwas	 ﾠinvestigated.	 ﾠ
Because	 ﾠimpairment	 ﾠmeasures	 ﾠusing	 ﾠthe	 ﾠMAS	 ﾠfor	 ﾠspasticity	 ﾠand	 ﾠthe	 ﾠMRC	 ﾠgrading	 ﾠsystem	 ﾠfor	 ﾠmuscle	 ﾠ
weakness	 ﾠare	 ﾠvery	 ﾠcoarse	 ﾠand	 ﾠsensory	 ﾠfunction	 ﾠis	 ﾠbinary,	 ﾠI	 ﾠperformed	 ﾠan	 ﾠa	 ﾠpriori	 ﾠclassification	 ﾠ
median	 ﾠsplit	 ﾠof	 ﾠspasticity,	 ﾠmuscle	 ﾠweakness	 ﾠand	 ﾠsensory	 ﾠimpairments,	 ﾠresulting	 ﾠin	 ﾠbinary	 ﾠmeasures.	 ﾠ
This	 ﾠalso	 ﾠprevented	 ﾠsubdivisions	 ﾠof	 ﾠthe	 ﾠpopulation	 ﾠinto	 ﾠsmaller	 ﾠuneven	 ﾠgroups	 ﾠmaking	 ﾠinterpretation	 ﾠ
difficult.	 ﾠThis	 ﾠmedian	 ﾠsplit	 ﾠresulted	 ﾠin	 ﾠgroups	 ﾠof	 ﾠonly	 ﾠrelatively	 ﾠsimilar	 ﾠsizes	 ﾠas	 ﾠthe	 ﾠcoarse	 ﾠmeasure	 ﾠ
density	 ﾠof	 ﾠthese	 ﾠimpairments	 ﾠdid	 ﾠnot	 ﾠallow	 ﾠfor	 ﾠgreater	 ﾠdistinction.	 ﾠSpasticity	 ﾠwas	 ﾠsplit	 ﾠfor	 ﾠindividuals	 ﾠ
with	 ﾠno	 ﾠor	 ﾠminimal	 ﾠspasticity	 ﾠ(n=15)	 ﾠ(MAS=0	 ﾠand	 ﾠ1)	 ﾠand	 ﾠindividuals	 ﾠwith	 ﾠmoderate	 ﾠspasticity	 ﾠ(n=21)	 ﾠ
(MAS=1+	 ﾠand	 ﾠ2).	 ﾠMuscle	 ﾠweakness	 ﾠwas	 ﾠdivided	 ﾠfor	 ﾠindividuals	 ﾠwith	 ﾠminimal	 ﾠor	 ﾠno	 ﾠmuscle	 ﾠweakness	 ﾠ
(n=14)	 ﾠ(>=4	 ﾠon	 ﾠMedical	 ﾠResearch	 ﾠCouncil	 ﾠ(MRC)	 ﾠmuscle	 ﾠpower	 ﾠgrading)	 ﾠand	 ﾠmoderate	 ﾠweakness	 ﾠ
(n=22)	 ﾠ(<=3	 ﾠMRC)	 ﾠand	 ﾠsensory	 ﾠimpairment	 ﾠfor	 ﾠindividuals	 ﾠwith	 ﾠno	 ﾠor	 ﾠminimal	 ﾠdifficulties	 ﾠwith	 ﾠ
discriminating	 ﾠlight	 ﾠtouch	 ﾠ(n=18)	 ﾠ(accuracy>80%	 ﾠon	 ﾠsensory	 ﾠtesting)	 ﾠand	 ﾠindividuals	 ﾠwith	 ﾠsignificantly	 ﾠ
impaired	 ﾠsensation	 ﾠ(n=18)	 ﾠ(<80%).	 ﾠ
5.3.7.1. Influence ﾠof ﾠimpairments ﾠon ﾠbaseline ﾠperformance ﾠ
Sensory	 ﾠimpairment	 ﾠafter	 ﾠneurological	 ﾠincident	 ﾠis	 ﾠknown	 ﾠto	 ﾠinfluence	 ﾠthe	 ﾠability	 ﾠto	 ﾠrelearn	 ﾠ




sensory	 ﾠimpairment	 ﾠhas	 ﾠon	 ﾠbaseline	 ﾠperformance	 ﾠ(Fig	 ﾠ5.11A)	 ﾠof	 ﾠthe	 ﾠreaching	 ﾠtask,	 ﾠindividuals	 ﾠwith	 ﾠ
moderate	 ﾠsensory	 ﾠdeficits	 ﾠ(<80%	 ﾠaccuracy	 ﾠon	 ﾠthe	 ﾠtwo-ﾭ‐point	 ﾠdiscrimination	 ﾠand	 ﾠlight	 ﾠtouch	 ﾠtesting),	 ﾠ
did	 ﾠnot	 ﾠperform	 ﾠworse	 ﾠat	 ﾠthe	 ﾠtask;	 ﾠ	 ﾠin	 ﾠcontrast	 ﾠthey	 ﾠappeared	 ﾠto	 ﾠbe	 ﾠbetter	 ﾠbut	 ﾠthis	 ﾠwas	 ﾠnot	 ﾠ
significant	 ﾠ(Independent	 ﾠsample	 ﾠt-ﾭ‐test,	 ﾠt(34)=1.633,p=0.112).	 ﾠSpasticity	 ﾠalso	 ﾠappeared	 ﾠto	 ﾠinfluence	 ﾠ
baseline	 ﾠperformance.(Fig	 ﾠ5.11B)	 ﾠ.	 ﾠPatients	 ﾠwith	 ﾠno	 ﾠor	 ﾠminimal	 ﾠspasticity	 ﾠhad	 ﾠsmaller	 ﾠendpoint	 ﾠerror	 ﾠ
than	 ﾠindividuals	 ﾠwith	 ﾠmoderate	 ﾠspasticity	 ﾠ(Modified	 ﾠAshworth	 ﾠScale=1+	 ﾠand	 ﾠ2)	 ﾠhowever	 ﾠthis	 ﾠwas	 ﾠonly	 ﾠ
approaching	 ﾠsignificance	 ﾠ(Independent	 ﾠsample	 ﾠt-ﾭ‐test,	 ﾠt(34)=-ﾭ‐1.872,	 ﾠp=0.070).	 ﾠAnother	 ﾠimpairment	 ﾠ
measure,	 ﾠmuscle	 ﾠweakness	 ﾠ(Fig	 ﾠ5.11C),	 ﾠstrongly	 ﾠinfluenced	 ﾠthe	 ﾠperformance	 ﾠprior	 ﾠto	 ﾠtraining	 ﾠ.	 ﾠ
Greater	 ﾠmuscles	 ﾠweakness	 ﾠ(Deltoid	 ﾠmuscle	 ﾠpower	 ﾠ<=3)	 ﾠreduced	 ﾠreaching	 ﾠaccuracy	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠ
mild	 ﾠmuscle	 ﾠweakness	 ﾠ(MRC>=4)	 ﾠ(Fig	 ﾠ5.11C)	 ﾠt(34)=-ﾭ‐2.399,	 ﾠp=0.022)	 ﾠ.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
 ﾠ
Figure	 ﾠ5.11.	 ﾠA-ﾭ‐C)	 ﾠInfluence	 ﾠof	 ﾠlevel	 ﾠof	 ﾠimpairment	 ﾠon	 ﾠbaseline	 ﾠperformance	 ﾠin	 ﾠreaching	 ﾠtask	 ﾠ
for	 ﾠmild	 ﾠ(unfilled)	 ﾠand	 ﾠmoderate	 ﾠ(filled)	 ﾠA)	 ﾠsensory	 ﾠimpairment,	 ﾠB)	 ﾠspasticity	 ﾠ(Modified	 ﾠ
Ashworth	 ﾠscore)	 ﾠand	 ﾠC)	 ﾠMuscle	 ﾠweakness	 ﾠscore.	 ﾠD-ﾭ‐I)	 ﾠInfluence	 ﾠof	 ﾠimpairment	 ﾠlevel	 ﾠ(mild	 ﾠ
(unfilled)	 ﾠand	 ﾠmoderate	 ﾠ(filled))	 ﾠon	 ﾠlearning	 ﾠin	 ﾠthe	 ﾠfast	 ﾠ(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup.	 ﾠ
D-ﾭ‐E)	 ﾠsensory	 ﾠimpairment,	 ﾠF-ﾭ‐G)	 ﾠspasticity	 ﾠand	 ﾠH-ﾭ‐I)	 ﾠmuscle	 ﾠweakness.	 ﾠ
 ﾠ
5.3.7.2. Influence ﾠof ﾠimpairment ﾠon ﾠlearning ﾠ
I	 ﾠfurther	 ﾠinvestigated	 ﾠhow	 ﾠthese	 ﾠimpairments	 ﾠinfluenced	 ﾠlearning	 ﾠin	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠ




very	 ﾠlimited	 ﾠimprovement	 ﾠof	 ﾠthe	 ﾠendpoint	 ﾠerror	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠindividuals	 ﾠwith	 ﾠintact	 ﾠsensation.	 ﾠ
This	 ﾠfinding	 ﾠwas	 ﾠevident	 ﾠfor	 ﾠboth	 ﾠthe	 ﾠfast	 ﾠ(Fig	 ﾠ5.11D)	 ﾠand	 ﾠthe	 ﾠslow	 ﾠ(Fig	 ﾠ5.11E)	 ﾠtraining	 ﾠcondition.	 ﾠ
When	 ﾠcombining	 ﾠthe	 ﾠtraining	 ﾠgroups	 ﾠto	 ﾠinvestigate	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠsensory	 ﾠimpairment	 ﾠon	 ﾠthe	 ﾠ
percentage	 ﾠchange	 ﾠan	 ﾠeffect	 ﾠof	 ﾠSEVERITY	 ﾠcan	 ﾠbe	 ﾠobserved	 ﾠin	 ﾠa	 ﾠrmANOVA	 ﾠSEV(2)*TARGETSPEED(4)	 ﾠ
(F(1,	 ﾠ34)	 ﾠ=4.921;	 ﾠp=0.033)	 ﾠhowever	 ﾠno	 ﾠinteraction	 ﾠwas	 ﾠobserved	 ﾠbetween	 ﾠSEVERITY	 ﾠand	 ﾠTargetSpeed.	 ﾠ	 ﾠ	 ﾠ
I	 ﾠexpected	 ﾠthat	 ﾠspasticity	 ﾠwould	 ﾠalso	 ﾠinfluence	 ﾠthe	 ﾠability	 ﾠto	 ﾠimprove	 ﾠat	 ﾠthis	 ﾠtask	 ﾠbut	 ﾠ
interestingly	 ﾠindividuals	 ﾠwith	 ﾠmoderate	 ﾠspasticity	 ﾠappeared	 ﾠto	 ﾠimprove	 ﾠmore	 ﾠin	 ﾠboth	 ﾠthe	 ﾠfast	 ﾠ(Fig	 ﾠ
5.11F)	 ﾠand	 ﾠin	 ﾠthe	 ﾠslow	 ﾠ(Fig	 ﾠ5.11G)	 ﾠtraining	 ﾠgroup	 ﾠhowever	 ﾠthis	 ﾠwas	 ﾠnot	 ﾠstatistical	 ﾠsignificant.	 ﾠ
Individuals	 ﾠwith	 ﾠgreater	 ﾠspasticity	 ﾠhad	 ﾠa	 ﾠgreater	 ﾠerror	 ﾠprior	 ﾠto	 ﾠtraining	 ﾠand	 ﾠtherefore	 ﾠa	 ﾠgreater	 ﾠ
reserve	 ﾠto	 ﾠimprove.	 ﾠ
Muscle	 ﾠweakness	 ﾠhas	 ﾠbeen	 ﾠestablished	 ﾠto	 ﾠbe	 ﾠa	 ﾠmajor	 ﾠcontributor	 ﾠto	 ﾠfunctional	 ﾠlimitations	 ﾠ
(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠIn	 ﾠthis	 ﾠset-ﾭ‐up	 ﾠin	 ﾠthe	 ﾠslow	 ﾠgroup	 ﾠthe	 ﾠseverity	 ﾠof	 ﾠmuscle	 ﾠweakness	 ﾠhad	 ﾠa	 ﾠ
significant	 ﾠinfluence	 ﾠon	 ﾠthe	 ﾠability	 ﾠto	 ﾠlearn	 ﾠ(Fig	 ﾠ5.11H-ﾭ‐I)	 ﾠdemonstrated	 ﾠby	 ﾠa	 ﾠSEV(2)*TargetSpeed(4)	 ﾠ
interaction	 ﾠ(F(3,	 ﾠ45)	 ﾠ=3.967;	 ﾠp=0.014).	 ﾠIndividuals	 ﾠwith	 ﾠmore	 ﾠweakness	 ﾠwere	 ﾠable	 ﾠto	 ﾠlearn	 ﾠmore	 ﾠand	 ﾠ
similarly	 ﾠto	 ﾠthe	 ﾠimprovements	 ﾠfor	 ﾠthe	 ﾠindividuals	 ﾠwith	 ﾠspasticity	 ﾠthese	 ﾠindividuals	 ﾠalso	 ﾠhad	 ﾠworse	 ﾠ
performance	 ﾠat	 ﾠbaseline.	 ﾠ
	 ﾠ
	 ﾠ




5.4.  Discussion ﾠ
In	 ﾠthis	 ﾠstudy	 ﾠI	 ﾠinstructed	 ﾠchronic	 ﾠstroke	 ﾠsurvivors	 ﾠto	 ﾠperform	 ﾠcentre	 ﾠout	 ﾠreaching	 ﾠmovements	 ﾠ
to	 ﾠa	 ﾠtarget	 ﾠat	 ﾠfour	 ﾠindividually	 ﾠdefined	 ﾠmovement	 ﾠspeeds.	 ﾠFor	 ﾠ4	 ﾠconsecutive	 ﾠdays	 ﾠindividuals	 ﾠ
performed	 ﾠintensive	 ﾠtraining	 ﾠto	 ﾠimprove	 ﾠtheir	 ﾠreaching	 ﾠaccuracy	 ﾠat	 ﾠeither	 ﾠhigh	 ﾠor	 ﾠlow	 ﾠvelocity.	 ﾠI	 ﾠ
analysed	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠthis	 ﾠtraining	 ﾠon	 ﾠmovement	 ﾠaccuracy,	 ﾠmovement	 ﾠkinematics	 ﾠand	 ﾠhow	 ﾠthe	 ﾠ
individual’s	 ﾠclinical	 ﾠpresentation	 ﾠaffected	 ﾠlearning.	 ﾠ	 ﾠ
	 ﾠIndividuals	 ﾠcould	 ﾠonly	 ﾠimprove	 ﾠin	 ﾠthe	 ﾠtask	 ﾠby	 ﾠbetter	 ﾠtask	 ﾠperformance	 ﾠand	 ﾠcould	 ﾠnot	 ﾠuse	 ﾠ
compensatory	 ﾠstrategies.	 ﾠDespite	 ﾠthis,	 ﾠindividuals	 ﾠimproved	 ﾠtheir	 ﾠendpoint	 ﾠaccuracy.	 ﾠThere	 ﾠwas	 ﾠno	 ﾠ
difference	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups,	 ﾠtraining	 ﾠeither	 ﾠat	 ﾠfast	 ﾠor	 ﾠslow	 ﾠmovement	 ﾠspeed,	 ﾠin	 ﾠthe	 ﾠ
amount	 ﾠof	 ﾠimprovement	 ﾠat	 ﾠthe	 ﾠtrained	 ﾠspeed.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠtraining	 ﾠdid	 ﾠnot	 ﾠgeneralise	 ﾠto	 ﾠspeeds	 ﾠfar	 ﾠ
removed	 ﾠfrom	 ﾠthe	 ﾠtraining	 ﾠspeed.	 ﾠTraining	 ﾠin	 ﾠthis	 ﾠvery	 ﾠsimple	 ﾠtask	 ﾠalso	 ﾠproduced	 ﾠsmall	 ﾠ
improvements	 ﾠin	 ﾠclinical	 ﾠscales	 ﾠand	 ﾠin	 ﾠmeasurements	 ﾠof	 ﾠworkspace	 ﾠarea,	 ﾠindicating	 ﾠthat	 ﾠthe	 ﾠtraining	 ﾠ
generalised	 ﾠto	 ﾠother	 ﾠtasks.	 ﾠInterestingly	 ﾠthere	 ﾠwas	 ﾠno	 ﾠsign	 ﾠthat	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠ
increased	 ﾠspasticity.	 ﾠ
We	 ﾠestablished	 ﾠindividual’s	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠwhile	 ﾠperforming	 ﾠthis	 ﾠtask	 ﾠand	 ﾠused	 ﾠ
this	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠtesting	 ﾠand	 ﾠtraining	 ﾠspeed	 ﾠon	 ﾠan	 ﾠindividual	 ﾠbasis.	 ﾠAlthough	 ﾠit	 ﾠwould	 ﾠhave	 ﾠbeen	 ﾠ
interesting	 ﾠto	 ﾠknow	 ﾠwhat	 ﾠeach	 ﾠindividual’s	 ﾠpreferred	 ﾠmovement	 ﾠspeed	 ﾠwould	 ﾠhave	 ﾠbeen	 ﾠbefore	 ﾠ
training,	 ﾠin	 ﾠthis	 ﾠprotocol	 ﾠwe	 ﾠdid	 ﾠnot	 ﾠobtain	 ﾠthis	 ﾠinformation.	 ﾠA	 ﾠreliable	 ﾠmeasure	 ﾠof	 ﾠpreferred	 ﾠspeed	 ﾠ
could	 ﾠhave	 ﾠconfirmed	 ﾠwhether	 ﾠstroke	 ﾠpatients	 ﾠmove	 ﾠslower	 ﾠwith	 ﾠthe	 ﾠaffected	 ﾠand/or	 ﾠthe	 ﾠunaffected	 ﾠ
upper	 ﾠlimb.	 ﾠWe	 ﾠexpected	 ﾠthat	 ﾠfor	 ﾠstroke	 ﾠpatients	 ﾠa	 ﾠlaboratory	 ﾠbased	 ﾠreaching	 ﾠtask	 ﾠin	 ﾠa	 ﾠrobotic	 ﾠ
manipulandum	 ﾠwould	 ﾠbe	 ﾠvery	 ﾠforeign	 ﾠand	 ﾠthereby	 ﾠstrongly	 ﾠinfluenced	 ﾠby	 ﾠinstruction.	 ﾠ	 ﾠ
5.4.1. Improved ﾠendpoint ﾠaccuracy ﾠafter ﾠtraining ﾠ
In	 ﾠthis	 ﾠstudy	 ﾠprotocol	 ﾠpatients	 ﾠhad	 ﾠto	 ﾠperform	 ﾠa	 ﾠlarge	 ﾠnumber	 ﾠof	 ﾠrepetitions	 ﾠof	 ﾠthis	 ﾠreaching	 ﾠ
task.	 ﾠThe	 ﾠhigh	 ﾠnumber	 ﾠof	 ﾠrepetitions	 ﾠof	 ﾠthe	 ﾠtraining	 ﾠwas	 ﾠtolerated	 ﾠbut	 ﾠa	 ﾠdecline	 ﾠin	 ﾠperformance	 ﾠ




indicate	 ﾠthat	 ﾠthe	 ﾠintensity	 ﾠwas	 ﾠnear,	 ﾠor	 ﾠat	 ﾠthe	 ﾠlimit	 ﾠof	 ﾠthe	 ﾠpatients’	 ﾠperformance.	 ﾠHowever,	 ﾠthe	 ﾠ
patients	 ﾠdid	 ﾠnot	 ﾠforget	 ﾠwhat	 ﾠthey	 ﾠhad	 ﾠlearned	 ﾠon	 ﾠthe	 ﾠprevious	 ﾠday	 ﾠwhich	 ﾠmay	 ﾠindicate	 ﾠthat	 ﾠtraining	 ﾠ
was	 ﾠsufficient	 ﾠto	 ﾠreinforce	 ﾠconsolidation	 ﾠof	 ﾠthe	 ﾠnew	 ﾠskill	 ﾠ(Reis	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠ
Individuals	 ﾠin	 ﾠboth	 ﾠtraining	 ﾠgroups	 ﾠimproved	 ﾠtheir	 ﾠperformance	 ﾠand	 ﾠthis	 ﾠwas	 ﾠevident	 ﾠat	 ﾠan	 ﾠ
impairment	 ﾠlevel	 ﾠin	 ﾠincreased	 ﾠmovement	 ﾠaccuracy	 ﾠand	 ﾠa	 ﾠreduction	 ﾠin	 ﾠperformance	 ﾠvariability.	 ﾠThe	 ﾠ
greatest	 ﾠimprovements	 ﾠwere	 ﾠevident	 ﾠin	 ﾠthe	 ﾠparallel	 ﾠerror	 ﾠat	 ﾠthe	 ﾠtrained	 ﾠmovement	 ﾠspeed.	 ﾠThis	 ﾠ
improvement	 ﾠconsisted	 ﾠof	 ﾠa	 ﾠreduction	 ﾠof	 ﾠthe	 ﾠspread	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠendpoint	 ﾠand	 ﾠapproached	 ﾠ
significance	 ﾠfor	 ﾠthe	 ﾠreduction	 ﾠof	 ﾠthe	 ﾠbias	 ﾠto	 ﾠundershoot.	 ﾠThe	 ﾠincreased	 ﾠperformance	 ﾠwas	 ﾠalso	 ﾠ
reflected	 ﾠin	 ﾠreductions	 ﾠin	 ﾠthe	 ﾠvariability	 ﾠof	 ﾠthe	 ﾠmaximum	 ﾠmovement	 ﾠvelocity	 ﾠsuggesting	 ﾠuse-ﾭ‐
dependent	 ﾠlearning	 ﾠmechanisms	 ﾠas	 ﾠobserved	 ﾠin	 ﾠanimal	 ﾠmodels	 ﾠand	 ﾠhealthy	 ﾠindividuals	 ﾠ
(Georgopoulos	 ﾠet	 ﾠal.,	 ﾠ1981,	 ﾠVerstynen	 ﾠand	 ﾠSabes,	 ﾠ2011,	 ﾠHammerbeck	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠYet	 ﾠgeneralisation	 ﾠ
to	 ﾠmovement	 ﾠspeeds	 ﾠclosely	 ﾠrelated	 ﾠto	 ﾠthe	 ﾠtrained	 ﾠspeed	 ﾠwere	 ﾠobserved	 ﾠin	 ﾠboth	 ﾠgroups,	 ﾠwhich	 ﾠwas	 ﾠ
not	 ﾠthe	 ﾠcase	 ﾠfor	 ﾠvery	 ﾠdifferent	 ﾠmovement	 ﾠspeeds.	 ﾠ
5.4.2. Generalization ﾠto ﾠother ﾠcontext ﾠand ﾠother ﾠspeeds ﾠ
Generalisation	 ﾠof	 ﾠan	 ﾠacquired	 ﾠskill	 ﾠis	 ﾠvital	 ﾠin	 ﾠrehabilitation	 ﾠafter	 ﾠneurological	 ﾠinjury	 ﾠas	 ﾠit	 ﾠ
would	 ﾠbe	 ﾠimpossible	 ﾠto	 ﾠtrain	 ﾠall	 ﾠmovements	 ﾠrequired	 ﾠfor	 ﾠreacquisition	 ﾠof	 ﾠindependence.	 ﾠA	 ﾠcommon	 ﾠ
concern	 ﾠabout	 ﾠtraining	 ﾠin	 ﾠrobotic	 ﾠdevices	 ﾠis	 ﾠthat	 ﾠtransfer	 ﾠof	 ﾠlearning	 ﾠto	 ﾠfunctional	 ﾠactivities	 ﾠis	 ﾠlimited	 ﾠ
(Mehrholz	 ﾠet	 ﾠal.,	 ﾠ2012),	 ﾠand	 ﾠthe	 ﾠinability	 ﾠto	 ﾠgeneralise	 ﾠlearned	 ﾠbehaviour	 ﾠhas	 ﾠbeen	 ﾠfound	 ﾠto	 ﾠbe	 ﾠmore	 ﾠ
pronounced	 ﾠin	 ﾠthe	 ﾠchronic	 ﾠstage	 ﾠ(Masiero	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠTraining	 ﾠin	 ﾠrobotic	 ﾠdevices	 ﾠpromotes	 ﾠ
recovery	 ﾠon	 ﾠan	 ﾠimpairment	 ﾠbasis	 ﾠand	 ﾠtransfer	 ﾠhas	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠbe	 ﾠdependent	 ﾠon	 ﾠtraining	 ﾠstructure	 ﾠ
(Kluzik	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠStroke	 ﾠpatients	 ﾠperforming	 ﾠthe	 ﾠslow	 ﾠmovement	 ﾠtraining	 ﾠshowed	 ﾠtransfer	 ﾠof	 ﾠ
reduced	 ﾠundershoot	 ﾠto	 ﾠgreater	 ﾠreach	 ﾠextent	 ﾠin	 ﾠworkspace	 ﾠanalysis	 ﾠon	 ﾠa	 ﾠtable	 ﾠremoved	 ﾠfrom	 ﾠthe	 ﾠ
robotic	 ﾠdevice.	 ﾠThe	 ﾠimprovement	 ﾠwas	 ﾠobserved	 ﾠin	 ﾠsupported	 ﾠreaching	 ﾠmovement	 ﾠbut	 ﾠalso	 ﾠin	 ﾠ
unsupported	 ﾠreaches,	 ﾠwhich	 ﾠrepresents	 ﾠa	 ﾠfar	 ﾠmore	 ﾠfunctional	 ﾠmovement.	 ﾠReduced	 ﾠreach	 ﾠextent	 ﾠis	 ﾠa	 ﾠ




2004,	 ﾠEllis	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠOur	 ﾠset-ﾭ‐up	 ﾠcould	 ﾠonly	 ﾠmeasure	 ﾠmovements	 ﾠperformed	 ﾠwhile	 ﾠthe	 ﾠarm	 ﾠwas	 ﾠ
supported	 ﾠon	 ﾠthe	 ﾠtable	 ﾠand	 ﾠthese	 ﾠpoints	 ﾠwere	 ﾠanterior	 ﾠof	 ﾠthe	 ﾠstarting	 ﾠposition.	 ﾠTherefore	 ﾠanalysis	 ﾠ
measured	 ﾠthe	 ﾠincreased	 ﾠexcursion	 ﾠin	 ﾠthe	 ﾠCartesian	 ﾠ‘y’	 ﾠdirection,	 ﾠfrom	 ﾠthe	 ﾠstart	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠas	 ﾠ
well	 ﾠas	 ﾠincreases	 ﾠof	 ﾠarea	 ﾠunder	 ﾠthe	 ﾠwhole	 ﾠreaching	 ﾠcurve	 ﾠanterior	 ﾠof	 ﾠthe	 ﾠstarting	 ﾠposition	 ﾠalthough	 ﾠ
changes	 ﾠin	 ﾠthe	 ﾠmovement	 ﾠcould	 ﾠhave	 ﾠoccurred	 ﾠin	 ﾠall	 ﾠdirections.	 ﾠ
Experimentally,	 ﾠgeneralisation	 ﾠpatterns	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeeds	 ﾠin	 ﾠhealthy	 ﾠ
individuals	 ﾠhave	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠbe	 ﾠvariable	 ﾠ(Shadmehr	 ﾠand	 ﾠWise,	 ﾠ2005,	 ﾠFrancis,	 ﾠ2008,	 ﾠJoiner	 ﾠet	 ﾠal.,	 ﾠ
2011,	 ﾠShmuelof	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠIn	 ﾠour	 ﾠstudy	 ﾠin	 ﾠstroke	 ﾠpatients,	 ﾠimprovements	 ﾠin	 ﾠparallel	 ﾠaccuracy	 ﾠand	 ﾠ
movement	 ﾠspeed	 ﾠvariability,	 ﾠin	 ﾠboth	 ﾠtraining	 ﾠgroups	 ﾠdid	 ﾠnot	 ﾠgeneralise	 ﾠbroadly	 ﾠto	 ﾠother	 ﾠmovement	 ﾠ
speeds.	 ﾠThe	 ﾠfinding	 ﾠthat	 ﾠgeneralisation	 ﾠdecayed	 ﾠwith	 ﾠvariance	 ﾠfrom	 ﾠthe	 ﾠtrained	 ﾠvelocity	 ﾠmirrors	 ﾠ
generalisation	 ﾠpatterns	 ﾠobserved	 ﾠin	 ﾠreaching	 ﾠmovements	 ﾠin	 ﾠhealthy	 ﾠsubjects	 ﾠ(Francis,	 ﾠ2008,	 ﾠ
Hammerbeck	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ	 ﾠ
I	 ﾠexpected	 ﾠless	 ﾠgeneralisation	 ﾠfrom	 ﾠslow	 ﾠtraining	 ﾠto	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠbecause	 ﾠat	 ﾠgreater	 ﾠ
velocity,	 ﾠaltered	 ﾠinteraction	 ﾠtorques	 ﾠarise	 ﾠwhich	 ﾠrequire	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠcombination	 ﾠand	 ﾠmagnitude	 ﾠ
of	 ﾠjoint	 ﾠmovements	 ﾠ(Morasso,	 ﾠ1981,	 ﾠRusso	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠA	 ﾠgreater	 ﾠrate	 ﾠof	 ﾠacceleration	 ﾠincreases	 ﾠthe	 ﾠ
net	 ﾠjoint	 ﾠtorques,	 ﾠby	 ﾠincreased	 ﾠmuscle	 ﾠactivation	 ﾠand	 ﾠvisco-ﾭ‐elastic	 ﾠload,	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠinertial	 ﾠload	 ﾠon	 ﾠ
the	 ﾠsystem	 ﾠ(McCrea	 ﾠet	 ﾠal.,	 ﾠ2002).	 ﾠIt	 ﾠis	 ﾠknown	 ﾠthat	 ﾠthe	 ﾠability	 ﾠto	 ﾠpredict	 ﾠthese	 ﾠaltered	 ﾠlimb	 ﾠdynamics	 ﾠ
with	 ﾠvarying	 ﾠvelocities,	 ﾠand	 ﾠto	 ﾠadjust	 ﾠto	 ﾠthem	 ﾠby	 ﾠchanging	 ﾠthe	 ﾠfeed-ﾭ‐forward	 ﾠcommand,	 ﾠare	 ﾠreduced	 ﾠ
in	 ﾠstroke	 ﾠsubjects	 ﾠ(Levin,	 ﾠ1996,	 ﾠBeer	 ﾠet	 ﾠal.,	 ﾠ2000).	 ﾠ	 ﾠThe	 ﾠlimited	 ﾠtransfer	 ﾠto	 ﾠslow	 ﾠmovement	 ﾠof	 ﾠthe	 ﾠfast	 ﾠ
training	 ﾠgroup	 ﾠmight	 ﾠindicate	 ﾠa	 ﾠmore	 ﾠglobal	 ﾠdifficulty	 ﾠto	 ﾠadjust	 ﾠmovements	 ﾠto	 ﾠaltered	 ﾠtorques	 ﾠand	 ﾠ
reinforces	 ﾠour	 ﾠassumption	 ﾠthat	 ﾠit	 ﾠis	 ﾠimportant	 ﾠto	 ﾠexperience	 ﾠa	 ﾠvariety	 ﾠof	 ﾠvelocities	 ﾠduring	 ﾠtraining.	 ﾠ	 ﾠ
I	 ﾠpropose	 ﾠthat	 ﾠthe	 ﾠtraining-ﾭ‐speed-ﾭ‐specific	 ﾠlearning	 ﾠin	 ﾠboth	 ﾠgroups	 ﾠdemonstrates	 ﾠuse-ﾭ‐
dependent	 ﾠmotor	 ﾠlearning	 ﾠin	 ﾠthis	 ﾠpopulation	 ﾠof	 ﾠchronic	 ﾠstroke	 ﾠsurvivors.	 ﾠThe	 ﾠinability	 ﾠto	 ﾠperform	 ﾠthe	 ﾠ
task	 ﾠat	 ﾠa	 ﾠdifferent	 ﾠspeed,	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠdid	 ﾠhowever	 ﾠlearn	 ﾠsomething	 ﾠ




5.4.3. Potential ﾠlearning ﾠmechanisms ﾠat ﾠdifferent ﾠspeeds. ﾠ
In	 ﾠthis	 ﾠstudy	 ﾠboth	 ﾠtraining	 ﾠgroups	 ﾠreduce	 ﾠtheir	 ﾠendpoint	 ﾠerror	 ﾠand	 ﾠmovement	 ﾠspeed	 ﾠvaribility	 ﾠ
demonstrating	 ﾠimproved	 ﾠcontrol	 ﾠof	 ﾠmovement.	 ﾠThe	 ﾠpositively	 ﾠskewed	 ﾠvelocity	 ﾠprofiles	 ﾠand	 ﾠstraighter	 ﾠ
trajectories	 ﾠafter	 ﾠtraining	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠare	 ﾠconsistent	 ﾠwith	 ﾠstudies	 ﾠindicating	 ﾠgreater	 ﾠ
reliance	 ﾠof	 ﾠintegration	 ﾠof	 ﾠfeedback	 ﾠinformation,	 ﾠa	 ﾠform	 ﾠof	 ﾠsomatosensory	 ﾠlearning	 ﾠ(Ostry	 ﾠet	 ﾠal.,	 ﾠ
2010).	 ﾠDuring	 ﾠslow	 ﾠmovements,	 ﾠindividuals	 ﾠhave	 ﾠthe	 ﾠopportunity	 ﾠto	 ﾠimprove	 ﾠtheir	 ﾠperformance	 ﾠby	 ﾠ
using	 ﾠproprioceptive	 ﾠfeedback	 ﾠduring	 ﾠthe	 ﾠmovement	 ﾠ(Shadmehr	 ﾠand	 ﾠWise,	 ﾠ2005)	 ﾠas	 ﾠpreviously	 ﾠ
observed	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠtraining	 ﾠat	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠ(Francis,	 ﾠ2008,	 ﾠHammerbeck	 ﾠet	 ﾠal.,	 ﾠ
2014).	 ﾠTraining	 ﾠpromotes	 ﾠthe	 ﾠformation	 ﾠof	 ﾠa	 ﾠuse-ﾭ‐dependent	 ﾠtendency	 ﾠto	 ﾠskew	 ﾠvelocity	 ﾠprofiles	 ﾠand	 ﾠ
reach	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠlater	 ﾠin	 ﾠthe	 ﾠmovement	 ﾠnot	 ﾠonly	 ﾠat	 ﾠtrained	 ﾠbut	 ﾠalso	 ﾠat	 ﾠuntrained	 ﾠ
movement	 ﾠspeeds	 ﾠ(Hammerbeck	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠAdditionally	 ﾠstroke	 ﾠpatients	 ﾠperformed	 ﾠstraighter	 ﾠ
movements,	 ﾠwhereby	 ﾠthey	 ﾠpossibly	 ﾠreduce	 ﾠthe	 ﾠsize	 ﾠof	 ﾠtheir	 ﾠmotor	 ﾠoutput	 ﾠand	 ﾠthereby	 ﾠthe	 ﾠsignal	 ﾠ
dependent	 ﾠnoise	 ﾠ(Harris	 ﾠand	 ﾠWolpert,	 ﾠ1998)	 ﾠreinforcing	 ﾠreduced	 ﾠvariability	 ﾠin	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠ	 ﾠ
endpoint	 ﾠspread	 ﾠat	 ﾠthe	 ﾠtrained	 ﾠmovement	 ﾠspeed.	 ﾠ
In	 ﾠcontrast	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠdid	 ﾠnot	 ﾠshow	 ﾠthese	 ﾠsigns	 ﾠof	 ﾠfeedback	 ﾠlearning	 ﾠ
mechanisms.	 ﾠMovement	 ﾠvelocity	 ﾠduring	 ﾠtraining	 ﾠwas	 ﾠvery	 ﾠfast	 ﾠwhich	 ﾠmakes	 ﾠintegration	 ﾠof	 ﾠfeedback	 ﾠ
during	 ﾠtask	 ﾠperformance	 ﾠdifficult.	 ﾠThe	 ﾠimprovements	 ﾠin	 ﾠthe	 ﾠfast	 ﾠgroup	 ﾠare	 ﾠprobably	 ﾠdue	 ﾠto	 ﾠfeed-ﾭ‐
forward	 ﾠlearning	 ﾠprocesses	 ﾠinvolved	 ﾠwith	 ﾠforce	 ﾠcontrol	 ﾠand	 ﾠmotor	 ﾠplanning	 ﾠ(Seidler	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠThis	 ﾠ	 ﾠ
requires	 ﾠan	 ﾠinternal	 ﾠmodel	 ﾠof	 ﾠaccuracy	 ﾠacquired	 ﾠthrough	 ﾠpractice	 ﾠand	 ﾠknowledge	 ﾠof	 ﾠprevious	 ﾠresults.	 ﾠ
The	 ﾠoutcome	 ﾠof	 ﾠprevious	 ﾠreaches	 ﾠis	 ﾠused	 ﾠused	 ﾠto	 ﾠupdate	 ﾠand	 ﾠalter	 ﾠthe	 ﾠmotor	 ﾠcommand	 ﾠfor	 ﾠ
consecutive	 ﾠreaches	 ﾠ(Georgopoulos	 ﾠet	 ﾠal.,	 ﾠ1981,	 ﾠShadmehr	 ﾠand	 ﾠWise,	 ﾠ2005).	 ﾠReductions	 ﾠin	 ﾠendpoint	 ﾠ
variability	 ﾠand	 ﾠmovement	 ﾠspeed	 ﾠvariability,	 ﾠmost	 ﾠprobably	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠa	 ﾠbetter	 ﾠmotor	 ﾠcommand,	 ﾠ
could	 ﾠbe	 ﾠobserved	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠbut	 ﾠconclusive	 ﾠevidence	 ﾠthat	 ﾠfeedforward	 ﾠlearning	 ﾠis	 ﾠ
the	 ﾠunderlying	 ﾠmechanism	 ﾠwhereby	 ﾠthe	 ﾠfast	 ﾠgroup	 ﾠimproves	 ﾠthe	 ﾠmovement	 ﾠaccuracy,	 ﾠi.e.	 ﾠreduced	 ﾠ
motor	 ﾠvariability	 ﾠin	 ﾠthe	 ﾠinitial	 ﾠpart	 ﾠof	 ﾠthe	 ﾠmovement,	 ﾠwas	 ﾠnot	 ﾠevident.	 ﾠThis	 ﾠcould	 ﾠbe	 ﾠdue	 ﾠto	 ﾠthe	 ﾠfact	 ﾠ




with	 ﾠa	 ﾠlot	 ﾠof	 ﾠtask	 ﾠvariability,	 ﾠas	 ﾠdemonstrated	 ﾠin	 ﾠthe	 ﾠdata	 ﾠof	 ﾠthe	 ﾠtraining	 ﾠdays,	 ﾠwith	 ﾠinsufficient	 ﾠ
training	 ﾠtime	 ﾠto	 ﾠoptimise	 ﾠthe	 ﾠfeed-ﾭ‐forward	 ﾠcommand.	 ﾠ	 ﾠ
5.4.4. The ﾠeffect ﾠof ﾠfast ﾠmovement ﾠon ﾠspasticity ﾠ
Increased	 ﾠmuscle	 ﾠtone	 ﾠwas	 ﾠassessed	 ﾠusing	 ﾠthe	 ﾠmodified	 ﾠAshworth	 ﾠscale	 ﾠ(MAS).	 ﾠThis	 ﾠscale	 ﾠis	 ﾠ
standardly	 ﾠused	 ﾠin	 ﾠclinical	 ﾠpractice	 ﾠas	 ﾠwell	 ﾠas	 ﾠin	 ﾠresearch	 ﾠparadigms	 ﾠhowever	 ﾠit	 ﾠdoes	 ﾠnot	 ﾠhave	 ﾠthe	 ﾠ
ability	 ﾠto	 ﾠdifferentiate	 ﾠbetween	 ﾠneural	 ﾠ(i.e	 ﾠspasticity)	 ﾠand	 ﾠnon-ﾭ‐neural	 ﾠ(i.e.	 ﾠmechanical	 ﾠchanges	 ﾠto	 ﾠ
muscle	 ﾠfibres,	 ﾠincreased	 ﾠconnective	 ﾠtissue	 ﾠand	 ﾠchanges	 ﾠin	 ﾠtendon	 ﾠproperties)	 ﾠcontributors	 ﾠto	 ﾠthe	 ﾠ
increased	 ﾠresistance	 ﾠto	 ﾠmovement,	 ﾠobserved	 ﾠafter	 ﾠneurological	 ﾠdisease	 ﾠ(Dietz	 ﾠand	 ﾠSinkjaer,	 ﾠ2007).	 ﾠ
Individuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠand	 ﾠother	 ﾠneurological	 ﾠconditions	 ﾠmove	 ﾠmore	 ﾠslowly,	 ﾠalthough	 ﾠ
they	 ﾠare	 ﾠable	 ﾠto	 ﾠmove	 ﾠat	 ﾠhigher	 ﾠvelocity	 ﾠwithout	 ﾠfurther	 ﾠdeterioration	 ﾠof	 ﾠmovement	 ﾠquality	 ﾠ(Mazzoni	 ﾠ
et	 ﾠal.,	 ﾠ2007,	 ﾠvan	 ﾠVliet	 ﾠand	 ﾠSheridan,	 ﾠ2007,	 ﾠDeJong	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠFast	 ﾠmovements	 ﾠare	 ﾠnot	 ﾠspecifically	 ﾠ
encouraged	 ﾠin	 ﾠrehabilitation	 ﾠparadigms	 ﾠand	 ﾠthis	 ﾠhesitance	 ﾠprobably	 ﾠstems	 ﾠat	 ﾠleast	 ﾠpartly	 ﾠfrom	 ﾠthe	 ﾠ
fear	 ﾠof	 ﾠincreasing	 ﾠspasticity,	 ﾠa	 ﾠvelocity	 ﾠdependent	 ﾠmuscle	 ﾠstiffness	 ﾠobserved	 ﾠafter	 ﾠstroke	 ﾠ(Bobath,	 ﾠ
1990,	 ﾠPandyan	 ﾠet	 ﾠal.,	 ﾠ2005).	 ﾠThis	 ﾠfear	 ﾠand	 ﾠavoidance	 ﾠof	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠdoes	 ﾠhowever	 ﾠappear	 ﾠ
to	 ﾠbe	 ﾠungrounded	 ﾠas	 ﾠsimilarly	 ﾠto	 ﾠstrength	 ﾠtraining	 ﾠ(Ada	 ﾠet	 ﾠal.,	 ﾠ2006)	 ﾠtraining	 ﾠat	 ﾠhigh	 ﾠmovement	 ﾠ
velocities	 ﾠdid	 ﾠnot	 ﾠincrease	 ﾠspasticity.	 ﾠModerate	 ﾠhypertonus,	 ﾠmeasured	 ﾠby	 ﾠthe	 ﾠmodified	 ﾠAshworth	 ﾠ
scale	 ﾠdid	 ﾠnot	 ﾠinterfere	 ﾠwith	 ﾠthe	 ﾠability	 ﾠto	 ﾠimprove	 ﾠmotor	 ﾠperformance	 ﾠand	 ﾠdecreased	 ﾠafter	 ﾠtraining	 ﾠ
for	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup,	 ﾠin	 ﾠkeeping	 ﾠwith	 ﾠfindings	 ﾠthat	 ﾠcontinual	 ﾠrepeated	 ﾠmovements	 ﾠcan	 ﾠhave	 ﾠ
temporary	 ﾠbeneficial	 ﾠeffects	 ﾠon	 ﾠspasticity	 ﾠ(Schmit	 ﾠet	 ﾠal.,	 ﾠ2000).	 ﾠ
In	 ﾠthis	 ﾠtraining	 ﾠprotocol	 ﾠindividuals	 ﾠwith	 ﾠhigher	 ﾠmodified	 ﾠAshworth	 ﾠscores,	 ﾠindicating	 ﾠgreater	 ﾠ
muscle	 ﾠstiffness	 ﾠ(Dietz	 ﾠand	 ﾠSinkjaer,	 ﾠ2007),	 ﾠhad	 ﾠgreater	 ﾠdifficulties	 ﾠwith	 ﾠperforming	 ﾠaccurate	 ﾠ
reaching	 ﾠtasks.	 ﾠIncreased	 ﾠmuscle	 ﾠstiffness	 ﾠis	 ﾠknown	 ﾠto	 ﾠaffect	 ﾠmovement	 ﾠperformance	 ﾠ(Sorinola	 ﾠet	 ﾠal.,	 ﾠ
2009),	 ﾠpossibly	 ﾠdue	 ﾠto	 ﾠan	 ﾠinability	 ﾠto	 ﾠproduce	 ﾠsufficient	 ﾠjoint	 ﾠtorques	 ﾠdue	 ﾠto	 ﾠover-ﾭ‐active	 ﾠantagonist	 ﾠ
activity	 ﾠ(Lum	 ﾠet	 ﾠal,	 ﾠ2004,	 ﾠLevin	 ﾠet	 ﾠal,	 ﾠ1996)	 ﾠand	 ﾠaltered	 ﾠproperties	 ﾠof	 ﾠcontractile	 ﾠsoft	 ﾠtissue	 ﾠ(Dietz	 ﾠand	 ﾠ




during	 ﾠfast	 ﾠmovements	 ﾠindicating	 ﾠthat	 ﾠvelocity	 ﾠdependent	 ﾠtone	 ﾠdid	 ﾠnot	 ﾠdisrupt	 ﾠthe	 ﾠquality	 ﾠof	 ﾠ
reaching	 ﾠmovements.	 ﾠ	 ﾠ	 ﾠ
The	 ﾠincreased	 ﾠneural	 ﾠfiring	 ﾠobserved	 ﾠdue	 ﾠto	 ﾠspasticity	 ﾠduring	 ﾠrest,	 ﾠthe	 ﾠstandard	 ﾠstate	 ﾠfor	 ﾠ
assessing	 ﾠthe	 ﾠseverity	 ﾠof	 ﾠhypertonus	 ﾠwith	 ﾠthe	 ﾠMAS,	 ﾠis	 ﾠnot	 ﾠevident	 ﾠduring	 ﾠmovement	 ﾠ(Mottram	 ﾠet	 ﾠal.,	 ﾠ
2009).	 ﾠDuring	 ﾠmovement,	 ﾠspasticity	 ﾠresults	 ﾠin	 ﾠimpaired	 ﾠmodulation	 ﾠof	 ﾠfiring	 ﾠto	 ﾠvarious	 ﾠoutput	 ﾠ
requirements	 ﾠ(Ibrahim	 ﾠet	 ﾠal.,	 ﾠ1993,	 ﾠMottram	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠMottram	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠThe	 ﾠreduction	 ﾠof	 ﾠ
hypertonus	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠmight	 ﾠbe	 ﾠachieved	 ﾠby	 ﾠexposure	 ﾠto	 ﾠa	 ﾠvariety	 ﾠof	 ﾠ
movement	 ﾠspeeds	 ﾠincreasing	 ﾠmotor	 ﾠunit	 ﾠrecruited	 ﾠ(Mottram	 ﾠet	 ﾠal.,	 ﾠ2014)	 ﾠand	 ﾠthe	 ﾠability	 ﾠto	 ﾠmodulate	 ﾠ
firing	 ﾠpatterns.	 ﾠAnother	 ﾠpossibility	 ﾠis	 ﾠthat	 ﾠthe	 ﾠreduction	 ﾠin	 ﾠhypertonus	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠ
group	 ﾠis	 ﾠdue	 ﾠto	 ﾠalterations,	 ﾠand	 ﾠgreater	 ﾠcompliance	 ﾠof	 ﾠnon-ﾭ‐neural	 ﾠcontractile	 ﾠcomponents	 ﾠ(Dietz	 ﾠand	 ﾠ
Sinkjaer,	 ﾠ2007),	 ﾠdue	 ﾠto	 ﾠhigh	 ﾠrepetition	 ﾠof	 ﾠexplosive	 ﾠmuscle	 ﾠactivations	 ﾠand	 ﾠresultant	 ﾠbiceps	 ﾠstretches	 ﾠ
during	 ﾠthe	 ﾠtraining	 ﾠdays.	 ﾠHowever,	 ﾠthe	 ﾠcurrent	 ﾠtrial	 ﾠdesign	 ﾠdoes	 ﾠnot	 ﾠallow	 ﾠus	 ﾠto	 ﾠdifferentiate	 ﾠ
between	 ﾠthese	 ﾠinteresting	 ﾠmechanistic	 ﾠcauses	 ﾠof	 ﾠa	 ﾠreduced	 ﾠMAS	 ﾠscore.	 ﾠ	 ﾠ
None	 ﾠthe	 ﾠless	 ﾠthe	 ﾠindividuals	 ﾠwith	 ﾠgreater	 ﾠmuscle	 ﾠstiffness	 ﾠin	 ﾠthis	 ﾠtraining	 ﾠprotocol	 ﾠwere	 ﾠable	 ﾠ
to	 ﾠperform	 ﾠrepetitive	 ﾠtraining,	 ﾠconsisting	 ﾠof	 ﾠover	 ﾠ400	 ﾠreaching	 ﾠmovement,	 ﾠand	 ﾠimprove	 ﾠtheir	 ﾠ
endpoint	 ﾠaccuracy	 ﾠat	 ﾠhigh	 ﾠvelocity.	 ﾠ	 ﾠ	 ﾠ
5.4.5. The ﾠinfluence ﾠof ﾠclinical ﾠpresentation ﾠon ﾠperformance ﾠand ﾠlearning ﾠ
Stroke	 ﾠresults	 ﾠin	 ﾠa	 ﾠnumber	 ﾠof	 ﾠimpairments	 ﾠaffecting	 ﾠupper	 ﾠlimb	 ﾠmovement	 ﾠand	 ﾠfunction.	 ﾠThe	 ﾠ
findings	 ﾠof	 ﾠthis	 ﾠstudy	 ﾠare	 ﾠin	 ﾠline	 ﾠwith	 ﾠprevious	 ﾠstudies	 ﾠhighlighting	 ﾠthe	 ﾠimportance	 ﾠof	 ﾠmuscle	 ﾠ
weakness	 ﾠfor	 ﾠmotor	 ﾠperformance	 ﾠand	 ﾠmovement	 ﾠspeed	 ﾠ(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠWagner	 ﾠet	 ﾠal.,	 ﾠ2006,	 ﾠ
Sorinola	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠChang	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠ	 ﾠ
I	 ﾠfurther	 ﾠinvestigated	 ﾠhow	 ﾠdifferent	 ﾠimpairments	 ﾠaffect	 ﾠlearning	 ﾠat	 ﾠvarious	 ﾠmovement	 ﾠ
speeds.	 ﾠNeither	 ﾠmuscle	 ﾠweakness	 ﾠnor	 ﾠspasticity	 ﾠinfluenced	 ﾠlearning	 ﾠat	 ﾠeither	 ﾠtraining	 ﾠspeed	 ﾠ
however,	 ﾠsensory	 ﾠimpairment	 ﾠreduced	 ﾠlearning	 ﾠfor	 ﾠboth	 ﾠgroups.	 ﾠThis	 ﾠfinding	 ﾠsupports	 ﾠstudies	 ﾠ




(Vidoni	 ﾠand	 ﾠBoyd,	 ﾠ2009)	 ﾠas	 ﾠwell	 ﾠas	 ﾠfor	 ﾠconsecutive	 ﾠmovements	 ﾠto	 ﾠupdate	 ﾠthe	 ﾠmotor	 ﾠcommand	 ﾠ
(Todorov	 ﾠand	 ﾠJordan,	 ﾠ2002,	 ﾠVidoni	 ﾠand	 ﾠBoyd,	 ﾠ2009).	 ﾠWe	 ﾠhere	 ﾠtested	 ﾠparticipant’s	 ﾠsensation	 ﾠby	 ﾠtwo-ﾭ‐
point	 ﾠdiscrimination	 ﾠon	 ﾠthe	 ﾠtip	 ﾠof	 ﾠthe	 ﾠindex	 ﾠfinger	 ﾠas	 ﾠwell	 ﾠas	 ﾠlight	 ﾠtouch	 ﾠin	 ﾠthe	 ﾠpalmar	 ﾠand	 ﾠdorsal	 ﾠ
aspect	 ﾠof	 ﾠthe	 ﾠhand	 ﾠwith	 ﾠthe	 ﾠuse	 ﾠof	 ﾠmonofilaments.	 ﾠThese	 ﾠmeasures	 ﾠpose	 ﾠtwo	 ﾠproblems;	 ﾠfirstly	 ﾠwe	 ﾠ
tested	 ﾠdistal	 ﾠrather	 ﾠthan	 ﾠproximal	 ﾠsensory	 ﾠability,	 ﾠhowever	 ﾠmuscle	 ﾠstrength	 ﾠwas	 ﾠmeasured	 ﾠ
proximally	 ﾠand	 ﾠtraining	 ﾠrequired	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠmovements.	 ﾠThe	 ﾠextent	 ﾠof	 ﾠproximal	 ﾠ
impairment	 ﾠis	 ﾠtherefore	 ﾠnot	 ﾠknown	 ﾠnor	 ﾠwhether	 ﾠproximal	 ﾠsensory	 ﾠimpairment	 ﾠwould	 ﾠindeed	 ﾠaffect	 ﾠ
baseline	 ﾠperformance	 ﾠand	 ﾠlearning	 ﾠto	 ﾠthe	 ﾠsame	 ﾠextent.	 ﾠSensory	 ﾠimpairment	 ﾠwas	 ﾠhowever	 ﾠclassed	 ﾠ
very	 ﾠbroadly	 ﾠas	 ﾠintact	 ﾠor	 ﾠimpaired	 ﾠand	 ﾠindividuals	 ﾠwith	 ﾠabsent	 ﾠsensation	 ﾠwere	 ﾠexcluded.	 ﾠBusse	 ﾠand	 ﾠ
Tyson,	 ﾠdemonstrated	 ﾠsubstantial	 ﾠagreement	 ﾠbetween	 ﾠpalm	 ﾠand	 ﾠhand	 ﾠdorsum	 ﾠtesting	 ﾠand	 ﾠwhole	 ﾠlimb	 ﾠ
sensation	 ﾠwith	 ﾠsuch	 ﾠbroad	 ﾠclassification	 ﾠ(Busse	 ﾠand	 ﾠTyson,	 ﾠ2009).	 ﾠThe	 ﾠother	 ﾠsignificant	 ﾠshortfall	 ﾠin	 ﾠ
this	 ﾠdesign	 ﾠis	 ﾠthe	 ﾠlack	 ﾠof	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠproprioception,	 ﾠa	 ﾠvital	 ﾠsensory	 ﾠmodality	 ﾠspecifically	 ﾠfor	 ﾠthis	 ﾠ
kind	 ﾠof	 ﾠtask	 ﾠwhere	 ﾠvisual	 ﾠfeed-ﾭ‐back	 ﾠis	 ﾠwithheld. ﾠ ﾠPrevious	 ﾠwork	 ﾠhas	 ﾠbeen	 ﾠperformed	 ﾠto	 ﾠmeasure	 ﾠthe	 ﾠ
contribution	 ﾠof	 ﾠproprioception	 ﾠto	 ﾠmotor	 ﾠlearning	 ﾠ(Ostry	 ﾠet	 ﾠal.,	 ﾠ2010)	 ﾠand	 ﾠ	 ﾠfound	 ﾠthat	 ﾠlearning	 ﾠ
comprises	 ﾠa	 ﾠcombination	 ﾠof	 ﾠsomatosensory	 ﾠas	 ﾠwell	 ﾠmotor	 ﾠlearning.	 ﾠWithout	 ﾠan	 ﾠoutcome	 ﾠmeasure	 ﾠof	 ﾠ
proprioception	 ﾠbefore	 ﾠand	 ﾠafter	 ﾠtraining	 ﾠthe	 ﾠcontribution	 ﾠof	 ﾠsomato-ﾭ‐sensory	 ﾠlearning	 ﾠcan	 ﾠnot	 ﾠbe	 ﾠ
assessed	 ﾠor	 ﾠquantified	 ﾠin	 ﾠthis	 ﾠparadigm.	 ﾠ
5.5.  Conclusion ﾠ
In	 ﾠthis	 ﾠstudy	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠimproved	 ﾠtheir	 ﾠendpoint	 ﾠaccuracy	 ﾠwhen	 ﾠreaching	 ﾠ
at	 ﾠboth	 ﾠfast	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠspeed.	 ﾠTraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠwas	 ﾠnot	 ﾠdetrimental	 ﾠto	 ﾠ
spasticity	 ﾠbut	 ﾠactually	 ﾠreduced	 ﾠit.	 ﾠ	 ﾠ	 ﾠ
The	 ﾠlimited	 ﾠtransfer	 ﾠof	 ﾠmovement	 ﾠskill	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeed	 ﾠhas	 ﾠpotential	 ﾠclinical	 ﾠ
implications.	 ﾠTo	 ﾠachieve	 ﾠgreater	 ﾠlearning	 ﾠand	 ﾠimproved	 ﾠperformance	 ﾠin	 ﾠrelated	 ﾠtasks,	 ﾠtraining	 ﾠneeds	 ﾠ
to	 ﾠbe	 ﾠvaried	 ﾠexposing	 ﾠindividuals	 ﾠto	 ﾠa	 ﾠspectrum	 ﾠof	 ﾠsimilar	 ﾠbut	 ﾠdistinct	 ﾠmovement	 ﾠpatterns	 ﾠ(Braun	 ﾠet	 ﾠ




variety	 ﾠof	 ﾠmovement	 ﾠspeeds	 ﾠwould	 ﾠresult	 ﾠin	 ﾠgreater	 ﾠtransfer	 ﾠor	 ﾠbetter	 ﾠtask	 ﾠperformance	 ﾠwould	 ﾠ
however	 ﾠneed	 ﾠto	 ﾠbe	 ﾠinvestigated.	 ﾠThat	 ﾠbeing	 ﾠsaid	 ﾠincorporating	 ﾠmovement	 ﾠat	 ﾠhigher	 ﾠvelocities	 ﾠin	 ﾠ
rehabilitation	 ﾠparadigms	 ﾠwill	 ﾠprevent	 ﾠthe	 ﾠreinforcement	 ﾠof	 ﾠslow	 ﾠmovements	 ﾠand	 ﾠpotentially	 ﾠincrease	 ﾠ





6.  Cortical ﾠconnectivity ﾠ
and ﾠlearning ﾠafter ﾠstroke ﾠ ﾠ
 ﾠ




6.1.  Introduction ﾠ
In	 ﾠchapter	 ﾠ5,	 ﾠI	 ﾠinvestigate	 ﾠhow	 ﾠchronic	 ﾠstroke	 ﾠpatients	 ﾠimprove	 ﾠtheir	 ﾠendpoint	 ﾠaccuracy	 ﾠand	 ﾠ
clinical	 ﾠimpairments	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠat	 ﾠeither	 ﾠhigh	 ﾠor	 ﾠslow	 ﾠvelocity.	 ﾠI	 ﾠfurther	 ﾠwanted	 ﾠto	 ﾠexplore	 ﾠif	 ﾠ
stroke	 ﾠpatients	 ﾠwith	 ﾠgreater	 ﾠprevalence	 ﾠof	 ﾠipsilateral	 ﾠprojections	 ﾠfrom	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠto	 ﾠ
the	 ﾠweak	 ﾠlimb	 ﾠbenefitted	 ﾠthe	 ﾠmost	 ﾠof	 ﾠproximal	 ﾠarm	 ﾠtraining	 ﾠand	 ﾠif	 ﾠthis	 ﾠincreased	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠ
these	 ﾠconnections	 ﾠ(Bradnam	 ﾠet	 ﾠal.,	 ﾠ2013)	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠconnections	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠ
hemisphere.	 ﾠ
Whether	 ﾠtraining	 ﾠinduced	 ﾠimprovements	 ﾠof	 ﾠproximal	 ﾠarm	 ﾠfunction	 ﾠrelies	 ﾠexclusively	 ﾠon	 ﾠ
increased	 ﾠefficiency	 ﾠof	 ﾠcontralateral	 ﾠcorticospinal	 ﾠpathway	 ﾠfrom	 ﾠthe	 ﾠdamaged	 ﾠhemisphere	 ﾠ(Schwerin	 ﾠ
et	 ﾠal.,	 ﾠ2008,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠor	 ﾠif	 ﾠre-ﾭ‐wiring	 ﾠby	 ﾠother	 ﾠpathways	 ﾠ(Lemon,	 ﾠ2008)	 ﾠand	 ﾠspecifically	 ﾠthe	 ﾠ
ipsilateral	 ﾠconnections	 ﾠfrom	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ(Bradnam	 ﾠet	 ﾠal.,	 ﾠ2013)	 ﾠplay	 ﾠan	 ﾠadditional	 ﾠ
role	 ﾠ	 ﾠis	 ﾠnot	 ﾠclear	 ﾠin	 ﾠhuman	 ﾠstroke	 ﾠsurvivors.	 ﾠProximal	 ﾠmuscles	 ﾠhave	 ﾠgreater	 ﾠipsilateral	 ﾠconnectivity	 ﾠ
which	 ﾠis	 ﾠinversely	 ﾠcorrelated	 ﾠto	 ﾠthe	 ﾠamount	 ﾠof	 ﾠdirect	 ﾠcortico-ﾭ‐motoneuronal	 ﾠconnections,	 ﾠprobably	 ﾠan	 ﾠ
indicator	 ﾠof	 ﾠgreater	 ﾠinvolvement	 ﾠin	 ﾠbimanual	 ﾠand	 ﾠaxial	 ﾠactivity	 ﾠ(Palmer	 ﾠand	 ﾠAshby,	 ﾠ1992,	 ﾠMarsden	 ﾠet	 ﾠ
al.,	 ﾠ1999,	 ﾠZiemann	 ﾠet	 ﾠal.,	 ﾠ1999,	 ﾠBawa	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠThe	 ﾠprevalence	 ﾠof	 ﾠrecruiting	 ﾠthese	 ﾠpathways	 ﾠwith	 ﾠ
transcranial	 ﾠmagnetic	 ﾠstimulation	 ﾠis	 ﾠincreased	 ﾠafter	 ﾠstroke	 ﾠ(Turton	 ﾠet	 ﾠal.,	 ﾠ1996,	 ﾠTraversa	 ﾠet	 ﾠal.,	 ﾠ1998,	 ﾠ
Ziemann	 ﾠet	 ﾠal.,	 ﾠ1999,	 ﾠAlagona	 ﾠet	 ﾠal.,	 ﾠ2001,	 ﾠBuetefisch	 ﾠet	 ﾠal.,	 ﾠ2005,	 ﾠSwayne	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠBradnam	 ﾠet	 ﾠ
al.,	 ﾠ2011,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠbut	 ﾠthe	 ﾠfunctional	 ﾠrelevance	 ﾠof	 ﾠthese	 ﾠpathways	 ﾠto	 ﾠrecovery	 ﾠhas	 ﾠnot	 ﾠ
been	 ﾠclearly	 ﾠestablished.	 ﾠ
Studies	 ﾠinvesting	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠarm	 ﾠtraining	 ﾠon	 ﾠit’s	 ﾠown	 ﾠand	 ﾠin	 ﾠcombination	 ﾠwith	 ﾠbrain	 ﾠ
stimulation	 ﾠhave	 ﾠdemonstrated	 ﾠmixed	 ﾠfindings	 ﾠin	 ﾠincreasing	 ﾠthe	 ﾠreliance	 ﾠof	 ﾠthe	 ﾠcorticospinal	 ﾠ
connections	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠ(Bradnam	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠbut,	 ﾠin	 ﾠanimal	 ﾠ
studies	 ﾠrecovery	 ﾠof	 ﾠarm	 ﾠfunction	 ﾠwas	 ﾠfound	 ﾠto	 ﾠbe	 ﾠcorrelated	 ﾠto	 ﾠincreased	 ﾠconnections	 ﾠfrom	 ﾠthe	 ﾠ
unaffected	 ﾠhemisphere	 ﾠ(Zaaimi	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠ.	 ﾠThe	 ﾠtheory	 ﾠthat	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠimproves	 ﾠ




now	 ﾠbeen	 ﾠlargely	 ﾠdismissed	 ﾠ(Palmer	 ﾠet	 ﾠal.,	 ﾠ1992,	 ﾠTurton	 ﾠand	 ﾠLemon,	 ﾠ1999,	 ﾠAlagona	 ﾠet	 ﾠal.,	 ﾠ2001)	 ﾠ
however,	 ﾠrecently	 ﾠthe	 ﾠinterest	 ﾠin	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthis	 ﾠhemisphere	 ﾠhas	 ﾠre-ﾭ‐emerged	 ﾠquestioning	 ﾠit’s	 ﾠrole	 ﾠin	 ﾠ
driving	 ﾠbrainstem	 ﾠpathways	 ﾠto	 ﾠthe	 ﾠaffected	 ﾠlimb	 ﾠ(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠSwayne	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠ
Bradnam	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠFisher	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠZaaimi	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ	 ﾠ
I	 ﾠhere	 ﾠinvestigated	 ﾠcorticospinal	 ﾠconnectivity	 ﾠof	 ﾠa	 ﾠsample	 ﾠof	 ﾠchronic	 ﾠstroke	 ﾠpatients	 ﾠ
conducting	 ﾠthe	 ﾠhigh	 ﾠrepetition	 ﾠreaching	 ﾠtraining	 ﾠprotocol,	 ﾠdescribed	 ﾠin	 ﾠchapter	 ﾠ5,	 ﾠwith	 ﾠeither	 ﾠan	 ﾠ
emphasis	 ﾠon	 ﾠfast	 ﾠor	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠduring	 ﾠtraining.	 ﾠI	 ﾠwanted	 ﾠto	 ﾠestablish	 ﾠ1)	 ﾠthe	 ﾠoccurrence	 ﾠ
and	 ﾠpattern	 ﾠof	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠresponses	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠthe	 ﾠunaffected	 ﾠ
hemisphere.	 ﾠI	 ﾠfurther	 ﾠ2)	 ﾠwanted	 ﾠto	 ﾠinvestigate	 ﾠhow	 ﾠthese	 ﾠresponses	 ﾠare	 ﾠrelated	 ﾠto	 ﾠfunctional	 ﾠ
impairment.	 ﾠ3)	 ﾠLastly	 ﾠI	 ﾠwanted	 ﾠto	 ﾠanalyse	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠtraining	 ﾠon	 ﾠthe	 ﾠprevalence	 ﾠand	 ﾠmagnitude	 ﾠof	 ﾠ
responses	 ﾠin	 ﾠthe	 ﾠtwo	 ﾠpathways	 ﾠto	 ﾠestablish	 ﾠif	 ﾠipsilateral	 ﾠprojections	 ﾠfrom	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ
are	 ﾠimportant	 ﾠin	 ﾠproximal	 ﾠarm	 ﾠrecovery	 ﾠafter	 ﾠstroke.	 ﾠ
The	 ﾠhypothesis	 ﾠfor	 ﾠthis	 ﾠexperiment	 ﾠwas	 ﾠthat	 ﾠreaching	 ﾠtraining	 ﾠin	 ﾠchronic	 ﾠstroke	 ﾠpatients	 ﾠ
would	 ﾠchange	 ﾠthe	 ﾠexcitability	 ﾠof	 ﾠcortical	 ﾠpathways	 ﾠto	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb.	 ﾠWe	 ﾠwanted	 ﾠto	 ﾠ
investigate	 ﾠif	 ﾠthis	 ﾠchange	 ﾠwas	 ﾠdriven	 ﾠby	 ﾠincreased	 ﾠconnectivity	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠor	 ﾠthe	 ﾠunaffected	 ﾠ
hemisphere,	 ﾠand	 ﾠif	 ﾠthe	 ﾠmovement	 ﾠspeed	 ﾠduring	 ﾠtraining	 ﾠaffected	 ﾠthe	 ﾠstrength	 ﾠand	 ﾠthe	 ﾠpathway	 ﾠof	 ﾠ
this	 ﾠeffect.	 ﾠ
 ﾠ




6.2.  Methods	 ﾠ	 ﾠ
6.2.1. Participants	 ﾠ
Of	 ﾠthe	 ﾠ37	 ﾠpatients	 ﾠrecruited	 ﾠfor	 ﾠour	 ﾠreaching	 ﾠstudy	 ﾠ19	 ﾠpatients	 ﾠwere	 ﾠeligible	 ﾠand	 ﾠgave	 ﾠ
consent	 ﾠfor	 ﾠsingle	 ﾠpulse	 ﾠtranscranial	 ﾠmagnetic	 ﾠstimulation	 ﾠbefore	 ﾠand	 ﾠafter	 ﾠtraining.	 ﾠ	 ﾠThese	 ﾠ
participants	 ﾠconsisted	 ﾠof	 ﾠ10	 ﾠindividuals	 ﾠperforming	 ﾠtraining	 ﾠat	 ﾠhigh	 ﾠmovement	 ﾠvelocity	 ﾠand	 ﾠ9	 ﾠ
individuals	 ﾠtraining	 ﾠat	 ﾠlow	 ﾠvelocity	 ﾠ(Table	 ﾠ5.1).	 ﾠ	 ﾠ
6.2.2. TMS	 ﾠprotocol	 ﾠ
EMG	 ﾠwas	 ﾠrecorded	 ﾠwith	 ﾠself-ﾭ‐adhesive	 ﾠAG/AgCl	 ﾠelectrodes	 ﾠ(Skintact®)	 ﾠplaced	 ﾠover	 ﾠthe	 ﾠmuscle	 ﾠ
belly	 ﾠof	 ﾠbilateral	 ﾠbiceps	 ﾠbrachii,	 ﾠtriceps	 ﾠbrachii	 ﾠ(lateral	 ﾠhead),	 ﾠanterior	 ﾠdeltoid	 ﾠand	 ﾠhorizontal	 ﾠfibres	 ﾠof	 ﾠ
pectoralis	 ﾠmajor.	 ﾠThe	 ﾠelectrodes	 ﾠwere	 ﾠpositioned	 ﾠin-ﾭ‐line	 ﾠwith	 ﾠthe	 ﾠmuscle	 ﾠfibres	 ﾠ~2cm	 ﾠapart	 ﾠafter	 ﾠskin	 ﾠ
impedance	 ﾠwas	 ﾠreduced	 ﾠby	 ﾠcleaning	 ﾠthe	 ﾠskin	 ﾠand	 ﾠusing	 ﾠan	 ﾠabrasive	 ﾠscrub	 ﾠ(Nuprep	 ﾠSkin	 ﾠPrep	 ﾠGel,	 ﾠ
Weaver	 ﾠand	 ﾠCompany,	 ﾠUSA)	 ﾠin	 ﾠaccordance	 ﾠto	 ﾠSENIAM	 ﾠEMG	 ﾠrecording	 ﾠrecommendations	 ﾠ(Hermens	 ﾠ
et	 ﾠal.,	 ﾠ2000).	 ﾠMethods	 ﾠproposed	 ﾠby	 ﾠKendall	 ﾠMcCreary	 ﾠet	 ﾠal,	 ﾠ(Kendall	 ﾠMcCreary	 ﾠet	 ﾠal.,	 ﾠ2010)	 ﾠwhere	 ﾠ
followed	 ﾠto	 ﾠensure	 ﾠcorrect	 ﾠelectrode	 ﾠplacement	 ﾠand	 ﾠverified	 ﾠby	 ﾠinspecting	 ﾠthe	 ﾠEMG	 ﾠactivity.	 ﾠThe	 ﾠ
cathode	 ﾠwas	 ﾠalways	 ﾠplaced	 ﾠproximally	 ﾠand	 ﾠthe	 ﾠanode	 ﾠdistally	 ﾠover	 ﾠthe	 ﾠmuscle	 ﾠbelly	 ﾠ(Loeb,	 ﾠ1986).	 ﾠThe	 ﾠ
reference	 ﾠelectrode	 ﾠwas	 ﾠplaced	 ﾠover	 ﾠthe	 ﾠbony	 ﾠprominence	 ﾠof	 ﾠeither	 ﾠthe	 ﾠacromio-ﾭ‐clavicular	 ﾠjoint	 ﾠor	 ﾠ
the	 ﾠclavicle	 ﾠ(Hermens	 ﾠet	 ﾠal.,	 ﾠ2000).	 ﾠ	 ﾠ
EMG	 ﾠsignals	 ﾠwere	 ﾠamplified	 ﾠand	 ﾠfiltered	 ﾠ(20	 ﾠHz	 ﾠto	 ﾠ1kHz)	 ﾠwith	 ﾠa	 ﾠD360	 ﾠamplifier	 ﾠ(Digitimer	 ﾠ
Limited	 ﾠWelwyn	 ﾠGarden	 ﾠCity,	 ﾠUK).	 ﾠThe	 ﾠsignals	 ﾠwere	 ﾠsampled	 ﾠat	 ﾠ5	 ﾠkHz	 ﾠand	 ﾠdigitised	 ﾠusing	 ﾠa	 ﾠlaboratory	 ﾠ
interface	 ﾠ(Power	 ﾠ1401,	 ﾠCambridge	 ﾠElectronics	 ﾠDesign(CED),	 ﾠCambridge,	 ﾠUK)	 ﾠand	 ﾠstored	 ﾠon	 ﾠa	 ﾠpersonal	 ﾠ
computer	 ﾠfor	 ﾠdisplay	 ﾠand	 ﾠoff-ﾭ‐line	 ﾠdata	 ﾠanalysis.	 ﾠ	 ﾠ
Single	 ﾠpulse	 ﾠTMS	 ﾠwas	 ﾠdelivered	 ﾠusing	 ﾠa	 ﾠ70-ﾭ‐mm	 ﾠfigure-ﾭ‐of-ﾭ‐eight	 ﾠshaped	 ﾠTMS	 ﾠcoil	 ﾠand	 ﾠa	 ﾠ
Magstim	 ﾠ200	 ﾠmagnetic	 ﾠstimulator	 ﾠ(Magstim	 ﾠCompany,	 ﾠWhitland,	 ﾠDyfed,UK).	 ﾠThe	 ﾠstimulator	 ﾠ
produced	 ﾠa	 ﾠmonophasic	 ﾠpulse	 ﾠwith	 ﾠa	 ﾠrise-ﾭ‐time	 ﾠof	 ﾠapproximately	 ﾠ100µs	 ﾠdecaying	 ﾠback	 ﾠto	 ﾠzero	 ﾠover	 ﾠ




postero-ﾭ‐laterally	 ﾠat	 ﾠ45	 ﾠdegrees	 ﾠto	 ﾠthe	 ﾠsagittal	 ﾠplane	 ﾠinducing	 ﾠa	 ﾠposterior-ﾭ‐anterior	 ﾠcurrent	 ﾠin	 ﾠthe	 ﾠbrain	 ﾠ
(Fig.	 ﾠ6.1).	 ﾠ
 ﾠ ﾠ
Figure	 ﾠ6.1.	 ﾠPositioning	 ﾠand	 ﾠEMG	 ﾠplacement	 ﾠfor	 ﾠtranscranial	 ﾠmagnetic	 ﾠstimulation.	 ﾠ
 ﾠ
I	 ﾠmonitored	 ﾠMEP	 ﾠresponses	 ﾠwith	 ﾠelectromyography	 ﾠ(EMG)	 ﾠfor	 ﾠbilateral	 ﾠbiceps	 ﾠbrachii,	 ﾠlateral	 ﾠ
head	 ﾠof	 ﾠtriceps	 ﾠbrachii	 ﾠ(lateral	 ﾠhead),	 ﾠanterior	 ﾠdeltoid	 ﾠand	 ﾠhorizontal	 ﾠfibres	 ﾠof	 ﾠpectoralis	 ﾠmajor	 ﾠ
muscles	 ﾠby	 ﾠinspecting	 ﾠtraces	 ﾠsampled	 ﾠfrom	 ﾠ1000ms	 ﾠbefore	 ﾠto	 ﾠ2200ms	 ﾠafter	 ﾠstimulation	 ﾠ(Fig.6.1).	 ﾠ
Before	 ﾠevery	 ﾠstimulation,	 ﾠmuscles	 ﾠwere	 ﾠactivated,	 ﾠby	 ﾠperforming	 ﾠa	 ﾠbilateral	 ﾠreaching	 ﾠmovement	 ﾠ
against	 ﾠa	 ﾠweak	 ﾠelastic	 ﾠband.	 ﾠIndividuals	 ﾠwere	 ﾠinstructed	 ﾠto	 ﾠreach	 ﾠforward	 ﾠwith	 ﾠboth	 ﾠarms	 ﾠat	 ﾠa	 ﾠ
comfortable	 ﾠpace.	 ﾠ	 ﾠMuscle	 ﾠactivity	 ﾠwas	 ﾠdisplayed	 ﾠon	 ﾠthe	 ﾠcomputer	 ﾠdesktop	 ﾠand	 ﾠthe	 ﾠexperimenter	 ﾠ
monitored	 ﾠthese	 ﾠand	 ﾠonly	 ﾠdelivered	 ﾠstimulation	 ﾠwhen	 ﾠclear	 ﾠevidence	 ﾠof	 ﾠactivity	 ﾠwas	 ﾠobserved.	 ﾠ
Individuals	 ﾠwere	 ﾠencouraged	 ﾠto	 ﾠincrease	 ﾠthe	 ﾠmuscle	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠif	 ﾠpoor	 ﾠ
activation	 ﾠwas	 ﾠobserved	 ﾠin	 ﾠEMG	 ﾠtraces.	 ﾠ	 ﾠ
The	 ﾠ‘motor	 ﾠhotspot’	 ﾠfor	 ﾠMEPs	 ﾠof	 ﾠthe	 ﾠhemiplegic	 ﾠshoulder	 ﾠmuscles	 ﾠwas	 ﾠdetermined	 ﾠinitially	 ﾠ
for	 ﾠthe	 ﾠunaffected	 ﾠhemisphere.	 ﾠ	 ﾠThe	 ﾠmotor	 ﾠarea	 ﾠof	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠmuscles	 ﾠwas	 ﾠmapped	 ﾠby	 ﾠ
giving	 ﾠthree	 ﾠstimulations	 ﾠat	 ﾠ70%	 ﾠMSO	 ﾠper	 ﾠsite	 ﾠover	 ﾠa	 ﾠ3x3	 ﾠ1cm	 ﾠgrid	 ﾠcentred	 ﾠ3cm	 ﾠlateral	 ﾠand	 ﾠ1	 ﾠcm	 ﾠ




(Wassermann	 ﾠet	 ﾠal.,	 ﾠ1992).	 ﾠThe	 ﾠgrid	 ﾠwas	 ﾠmarked	 ﾠon	 ﾠa	 ﾠcap	 ﾠon	 ﾠboth	 ﾠhemispheres.	 ﾠAfter	 ﾠmapping,	 ﾠ
MEP’s	 ﾠwere	 ﾠaveraged	 ﾠoffline	 ﾠper	 ﾠstimulation	 ﾠsite	 ﾠand	 ﾠvisually	 ﾠinspected	 ﾠfor	 ﾠthe	 ﾠgreatest	 ﾠamplitude	 ﾠ
and	 ﾠconsistent	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠpectoralis	 ﾠmajor,	 ﾠanterior	 ﾠdeltoid	 ﾠand	 ﾠtriceps	 ﾠlateral	 ﾠhead.	 ﾠ
The	 ﾠhotspot	 ﾠwas	 ﾠdetermined	 ﾠas	 ﾠthe	 ﾠlocation	 ﾠwith	 ﾠthe	 ﾠbest	 ﾠresponses,	 ﾠif	 ﾠany,	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠ
ipsilateral	 ﾠupper	 ﾠlimb	 ﾠmuscles.	 ﾠIf	 ﾠno	 ﾠresponses	 ﾠwere	 ﾠdetected	 ﾠin	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠthe	 ﾠsite	 ﾠwith	 ﾠ
the	 ﾠoptimal	 ﾠcontralateral	 ﾠresponses	 ﾠwas	 ﾠused.	 ﾠ	 ﾠ
A	 ﾠtrain	 ﾠof	 ﾠ20	 ﾠstimulations	 ﾠwas	 ﾠdelivered	 ﾠto	 ﾠthe	 ﾠhotspot	 ﾠat	 ﾠ70%	 ﾠMSO	 ﾠwhile	 ﾠperforming	 ﾠthe	 ﾠ
same	 ﾠreaching	 ﾠmovements	 ﾠto	 ﾠachieve	 ﾠpre-ﾭ‐activation	 ﾠwhile	 ﾠbilateral	 ﾠMEP’s	 ﾠwere	 ﾠrecorded.	 ﾠThereby	 ﾠ
contralateral	 ﾠand	 ﾠipsilateral	 ﾠMEPs	 ﾠwere	 ﾠmeasured	 ﾠstimulating	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ
(Unaffected	 ﾠcontralateral(UC)	 ﾠand	 ﾠunaffected	 ﾠipsilateral	 ﾠ(UI)	 ﾠrespectively)	 ﾠ(Example	 ﾠtrace	 ﾠstimulating	 ﾠ
unaffected	 ﾠleft	 ﾠhemisphere	 ﾠand	 ﾠacquiring	 ﾠUC	 ﾠresponses	 ﾠin	 ﾠright	 ﾠand	 ﾠUI	 ﾠresponses	 ﾠin	 ﾠleft	 ﾠupper	 ﾠlimb	 ﾠ
Fig	 ﾠ6.2).	 ﾠ
The	 ﾠprocedure	 ﾠwas	 ﾠrepeated	 ﾠfor	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠbut	 ﾠthe	 ﾠoptimal	 ﾠstimulation	 ﾠsite	 ﾠ
for	 ﾠthe	 ﾠmuscles	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠcontralateral	 ﾠupper	 ﾠlimb,	 ﾠif	 ﾠany,	 ﾠwas	 ﾠnow	 ﾠestablished.	 ﾠIf	 ﾠno	 ﾠhotspot	 ﾠ
was	 ﾠevident	 ﾠthe	 ﾠcentre	 ﾠof	 ﾠthe	 ﾠgrid	 ﾠwas	 ﾠused	 ﾠas	 ﾠthe	 ﾠhotspot.	 ﾠResponses	 ﾠof	 ﾠthe	 ﾠcontralateral	 ﾠand	 ﾠ
ipsilateral	 ﾠMEP’s	 ﾠwere	 ﾠestablished	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠ(AC	 ﾠand	 ﾠAI	 ﾠ





Figure	 ﾠ6.2	 ﾠExample	 ﾠof	 ﾠMEP	 ﾠresponses	 ﾠfor	 ﾠsubject	 ﾠTB31	 ﾠ(presenting	 ﾠwith	 ﾠleft	 ﾠhemiplegia)	 ﾠwhen	 ﾠ
stimulating	 ﾠthe	 ﾠleft	 ﾠhemisphere.	 ﾠLeft	 ﾠsided	 ﾠresponses	 ﾠrepresent	 ﾠipsilateral	 ﾠactivation	 ﾠ(UI)	 ﾠwhen	 ﾠ
stimulating	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠand	 ﾠright-ﾭ‐sided	 ﾠresponses	 ﾠcontralateral	 ﾠactivation	 ﾠ(UC).	 ﾠ
 ﾠ
This	 ﾠprocedure	 ﾠwas	 ﾠrepeated	 ﾠon	 ﾠday	 ﾠ6	 ﾠto	 ﾠquantify	 ﾠchanges	 ﾠinduced	 ﾠby	 ﾠthe	 ﾠ4	 ﾠday	 ﾠtraining	 ﾠ
protocol.	 ﾠThe	 ﾠsame	 ﾠprocedure	 ﾠwas	 ﾠfollowed	 ﾠfor	 ﾠboth	 ﾠhemispheres.	 ﾠIf	 ﾠa	 ﾠclear	 ﾠhotspot	 ﾠwas	 ﾠevident,	 ﾠ
the	 ﾠtrain	 ﾠof	 ﾠstimulations	 ﾠwas	 ﾠdelivered	 ﾠat	 ﾠthis	 ﾠsite	 ﾠeven	 ﾠif	 ﾠa	 ﾠdifferent	 ﾠsite	 ﾠwas	 ﾠused	 ﾠbefore	 ﾠtraining.	 ﾠ
Alternatively	 ﾠthe	 ﾠhotspot	 ﾠfrom	 ﾠthe	 ﾠpre-ﾭ‐training	 ﾠsession	 ﾠwas	 ﾠused	 ﾠfor	 ﾠstimulations.	 ﾠ94	 ﾠstimulations	 ﾠ
were	 ﾠdelivered	 ﾠon	 ﾠthe	 ﾠpre-ﾭ‐training,	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠpost-ﾭ‐training	 ﾠsession	 ﾠ(47	 ﾠeach	 ﾠhemisphere).	 ﾠ
6.2.3. TMS	 ﾠanalysis	 ﾠ
For	 ﾠanalysis	 ﾠmeasures	 ﾠof	 ﾠMEP	 ﾠlatency,	 ﾠamplitude	 ﾠ(peak	 ﾠto	 ﾠpeak)	 ﾠand	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠ
responses	 ﾠrecorded	 ﾠduring	 ﾠthe	 ﾠset	 ﾠof	 ﾠ20	 ﾠstimulations	 ﾠat	 ﾠthe	 ﾠidentified	 ﾠhotspot	 ﾠwere	 ﾠobtained.	 ﾠA	 ﾠ




The	 ﾠtraining	 ﾠtask	 ﾠin	 ﾠthe	 ﾠrobotic	 ﾠmanipulandum	 ﾠrequired	 ﾠagonist	 ﾠactivation	 ﾠof	 ﾠtriceps,	 ﾠanterior	 ﾠ
deltoid	 ﾠand	 ﾠpectoralis	 ﾠmajor	 ﾠmuscles.	 ﾠHowever,	 ﾠthe	 ﾠreaching	 ﾠtask	 ﾠto	 ﾠachieve	 ﾠmuscle	 ﾠpre-ﾭ‐activation	 ﾠ
additionally	 ﾠrequired	 ﾠeccentric	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠbiceps	 ﾠmuscle.	 ﾠFor	 ﾠcompleteness	 ﾠI	 ﾠinclude	 ﾠall	 ﾠ4	 ﾠmuscles	 ﾠ
to	 ﾠreport	 ﾠTMS	 ﾠmeasures	 ﾠat	 ﾠbaseline	 ﾠhowever	 ﾠbiceps	 ﾠactivity	 ﾠis	 ﾠnot	 ﾠincluded	 ﾠwhen	 ﾠanalysing	 ﾠchange	 ﾠ
after	 ﾠtraining.	 ﾠFigures	 ﾠand	 ﾠanalysis	 ﾠeither	 ﾠspecify	 ﾠwhich	 ﾠmuscle	 ﾠis	 ﾠdepicted	 ﾠor	 ﾠuse	 ﾠa	 ﾠcombined	 ﾠvalue	 ﾠ
of	 ﾠthese	 ﾠmuscles	 ﾠfor	 ﾠgroup	 ﾠaverages	 ﾠor	 ﾠa	 ﾠvalue	 ﾠfor	 ﾠeach	 ﾠof	 ﾠthese	 ﾠmuscles,	 ﾠi.e.	 ﾠin	 ﾠthe	 ﾠscatterplot	 ﾠ
demonstrating	 ﾠcorrelations.	 ﾠ	 ﾠ
	 ﾠ Measures	 ﾠwere	 ﾠobtained	 ﾠusing	 ﾠa	 ﾠcustomised	 ﾠscript	 ﾠ(Signal	 ﾠsoftware,	 ﾠCEM)	 ﾠand	 ﾠeach	 ﾠtrace	 ﾠ
was	 ﾠvisually	 ﾠinspected	 ﾠto	 ﾠverify	 ﾠcorrect	 ﾠidentification	 ﾠof	 ﾠthese	 ﾠevents.	 ﾠThe	 ﾠprocess	 ﾠof	 ﾠestablishing	 ﾠ
each	 ﾠof	 ﾠthe	 ﾠevents	 ﾠis	 ﾠdemonstrated	 ﾠin	 ﾠFigure	 ﾠ6.3.	 ﾠ
Latencies	 ﾠwere	 ﾠnormalised	 ﾠon	 ﾠan	 ﾠindividual	 ﾠbasis	 ﾠto	 ﾠallow	 ﾠfor	 ﾠinter-ﾭ‐individual	 ﾠdifferences	 ﾠin	 ﾠ
peripheral	 ﾠconduction	 ﾠtime	 ﾠ(Eisen	 ﾠand	 ﾠShtybel,	 ﾠ1990).	 ﾠNormalisation	 ﾠwas	 ﾠperformed	 ﾠby	 ﾠestablishing	 ﾠ
the	 ﾠdifference	 ﾠof	 ﾠthe	 ﾠlatency	 ﾠof	 ﾠthe	 ﾠinvestigated	 ﾠpathway	 ﾠ(UI	 ﾠand	 ﾠAC),	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠthe	 ﾠlatency	 ﾠ





Figure	 ﾠ6.3.	 ﾠProcess	 ﾠof	 ﾠdetermining	 ﾠMEP	 ﾠevents	 ﾠwith	 ﾠthe	 ﾠuse	 ﾠof	 ﾠa	 ﾠSignal	 ﾠscript.	 ﾠ2	 ﾠpart	 ﾠprocess	 ﾠ
consisting	 ﾠof	 ﾠ1.)	 ﾠSubtracting	 ﾠDC	 ﾠfollowed	 ﾠby	 ﾠdetermination	 ﾠof	 ﾠpeak-ﾭ‐to-ﾭ‐peak	 ﾠamplitude	 ﾠof	 ﾠMEP.	 ﾠ2.)	 ﾠ
determining	 ﾠlatency	 ﾠby	 ﾠrectifying	 ﾠdata,	 ﾠdetermining	 ﾠaverage	 ﾠpre-ﾭ‐activation	 ﾠEMG	 ﾠand	 ﾠdetermining	 ﾠ





	 ﾠ Additionally	 ﾠthe	 ﾠlaterality	 ﾠindex	 ﾠ(LI)	 ﾠwas	 ﾠcalculated.	 ﾠIn	 ﾠthis	 ﾠmeasure	 ﾠa	 ﾠlaterality	 ﾠof	 ﾠ1	 ﾠindicates	 ﾠ
complete	 ﾠcontralateral	 ﾠcontrol	 ﾠof	 ﾠlimb	 ﾠmovement,	 ﾠwhereas	 ﾠLI=	 ﾠ-ﾭ‐1	 ﾠindicates	 ﾠipsilateral	 ﾠcontrol	 ﾠ
(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠA	 ﾠresponse	 ﾠwas	 ﾠdefined	 ﾠas	 ﾠa	 ﾠMEP	 ﾠwith	 ﾠa	 ﾠdeflection	 ﾠof	 ﾠgreater	 ﾠthan	 ﾠ100µV	 ﾠ
(Swayne	 ﾠet	 ﾠal,	 ﾠ2008).	 ﾠ
𝐿𝐼 =
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠 ﾠ𝑐𝑜𝑛𝑡𝑟𝑎 − 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠 ﾠ𝑖𝑝𝑠𝑖
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠 ﾠ𝑐𝑜𝑛𝑡𝑟𝑎 + 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠 ﾠ𝑖𝑝𝑠𝑖
	 ﾠ
Statistical	 ﾠanalysis	 ﾠis	 ﾠperformed	 ﾠas	 ﾠrepeated	 ﾠmeasures	 ﾠANOVA	 ﾠbetween	 ﾠbiceps,	 ﾠtriceps	 ﾠ
anterior	 ﾠdeltoid	 ﾠand	 ﾠpectoralis	 ﾠmajor	 ﾠMuscle(4)*Path(2),	 ﾠindicating	 ﾠthe	 ﾠpathways	 ﾠto	 ﾠthe	 ﾠaffected	 ﾠ
limb,	 ﾠeither	 ﾠthe	 ﾠcontralateral	 ﾠpathway	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠ(AC)	 ﾠor	 ﾠipsilateral	 ﾠ
pathway	 ﾠstimulating	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ(UI).	 ﾠPost	 ﾠhoc	 ﾠStudent’s	 ﾠt-ﾭ‐test	 ﾠwere	 ﾠperformed	 ﾠ
when	 ﾠthe	 ﾠANOVA	 ﾠindicated	 ﾠsignificant	 ﾠdifferences	 ﾠin	 ﾠthe	 ﾠdata	 ﾠand	 ﾠBonferroni	 ﾠcorrections	 ﾠapplied	 ﾠfor	 ﾠ
tests	 ﾠinvolving	 ﾠmultiple	 ﾠcomparisons.	 ﾠ	 ﾠ
Spearman	 ﾠand	 ﾠPearson’s	 ﾠcorrelations	 ﾠare	 ﾠperformed	 ﾠto	 ﾠassess	 ﾠcorrelations	 ﾠof	 ﾠFugl-ﾭ‐Meyer	 ﾠ
scores	 ﾠand	 ﾠbaseline	 ﾠendpoint	 ﾠerror	 ﾠrespectively,	 ﾠwith	 ﾠMEP	 ﾠmeasures	 ﾠon	 ﾠa	 ﾠsubject-ﾭ‐by-ﾭ‐subject	 ﾠbasis.	 ﾠ




6.3.  Results ﾠ
This	 ﾠchapter	 ﾠaims	 ﾠto	 ﾠinvestigate	 ﾠthe	 ﾠprevalence	 ﾠof	 ﾠcontralateral	 ﾠand	 ﾠipsilateral	 ﾠconnections	 ﾠ
to	 ﾠproximal	 ﾠupper	 ﾠlimb	 ﾠmuscles	 ﾠin	 ﾠchronic	 ﾠstroke	 ﾠsubjects.	 ﾠThe	 ﾠaffected	 ﾠand	 ﾠunaffected	 ﾠhemisphere	 ﾠ
was	 ﾠstimulated	 ﾠand	 ﾠfeatures	 ﾠof	 ﾠthe	 ﾠipsilateral	 ﾠand	 ﾠcontralateral	 ﾠMEPs	 ﾠare	 ﾠreported.	 ﾠ‘Affected’	 ﾠand	 ﾠ
‘unaffected’	 ﾠrefer	 ﾠto	 ﾠthe	 ﾠrespective	 ﾠhemisphere.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
6.3.1. Participants	 ﾠ
To	 ﾠinvestigate	 ﾠif	 ﾠthe	 ﾠsubgroup	 ﾠof	 ﾠindividuals	 ﾠwho	 ﾠreceived	 ﾠthe	 ﾠTMS	 ﾠare	 ﾠrepresentative	 ﾠof	 ﾠthe	 ﾠ
whole	 ﾠstudy	 ﾠgroup	 ﾠwe	 ﾠcompared	 ﾠthe	 ﾠimprovements	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠ(Fig	 ﾠ	 ﾠ6.4	 ﾠA&B)	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠ
reductions	 ﾠin	 ﾠmovement	 ﾠspeed	 ﾠvariability	 ﾠ(Fig	 ﾠ6.4	 ﾠC&D)	 ﾠbetween	 ﾠthe	 ﾠwhole	 ﾠgroup	 ﾠ(n=36)	 ﾠ(results	 ﾠ
described	 ﾠin	 ﾠchapter	 ﾠ5)	 ﾠand	 ﾠthe	 ﾠsubgroup	 ﾠthat	 ﾠreceived	 ﾠTMS	 ﾠ(n=19).	 ﾠ
 ﾠ
Figure	 ﾠ2.4	 ﾠThe	 ﾠreduction	 ﾠin	 ﾠendpoint	 ﾠerror	 ﾠ(expressed	 ﾠas	 ﾠpercentage	 ﾠchange)	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠ
training	 ﾠgroups	 ﾠ(blue=slow	 ﾠand	 ﾠred=fast)	 ﾠis	 ﾠcompared	 ﾠbetween	 ﾠA)	 ﾠthe	 ﾠwhole	 ﾠstudy	 ﾠgroup	 ﾠ
(n=36)	 ﾠand	 ﾠB)	 ﾠthe	 ﾠindividuals	 ﾠof	 ﾠthis	 ﾠstudy	 ﾠgroup	 ﾠwho	 ﾠreceived	 ﾠTMS	 ﾠ(n=19).	 ﾠThe	 ﾠchange	 ﾠin	 ﾠ
the	 ﾠvariability	 ﾠof	 ﾠthe	 ﾠmaximum	 ﾠmovement	 ﾠspeed	 ﾠis	 ﾠcompared	 ﾠfor	 ﾠC)	 ﾠthe	 ﾠwhole	 ﾠstudy	 ﾠgroup	 ﾠ
and	 ﾠD)	 ﾠthe	 ﾠindividuals	 ﾠreceiving	 ﾠTMS.	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ
We	 ﾠcan	 ﾠdemonstrate	 ﾠthat	 ﾠthere	 ﾠwas	 ﾠno	 ﾠstatistical	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠreduction	 ﾠof	 ﾠendpoint	 ﾠ




training	 ﾠgroup	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠset	 ﾠof	 ﾠindividuals	 ﾠby	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠan	 ﾠinteraction	 ﾠin	 ﾠa	 ﾠ3wrmANOVA	 ﾠ
TargetSpeed(4)*TIME(2)*EXPERIMENT(2).	 ﾠ	 ﾠ
	 ﾠ The	 ﾠreduction	 ﾠin	 ﾠmaximum	 ﾠspeed	 ﾠvariability	 ﾠwas	 ﾠalso	 ﾠnot	 ﾠdifferent	 ﾠin	 ﾠthe	 ﾠgroup	 ﾠof	 ﾠpatients	 ﾠ
that	 ﾠreceived	 ﾠTMS	 ﾠ(Fig	 ﾠ6.4	 ﾠD)	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠthe	 ﾠwhole	 ﾠintervention	 ﾠgroup	 ﾠ(Fig	 ﾠ6.4	 ﾠC)	 ﾠin	 ﾠthe	 ﾠfast	 ﾠ
(F(1,27)=0.858;	 ﾠp=0.363)	 ﾠ	 ﾠor	 ﾠslow	 ﾠ(F(1,24)=3.419;	 ﾠp=0.077)	 ﾠ	 ﾠtraining	 ﾠgroup	 ﾠin	 ﾠthe	 ﾠsame	 ﾠanalysis.	 ﾠWe	 ﾠcan	 ﾠ
therefore	 ﾠconclude	 ﾠthat	 ﾠthe	 ﾠsubgroup	 ﾠof	 ﾠindividuals	 ﾠreceiving	 ﾠTMS	 ﾠcan	 ﾠbe	 ﾠassumed	 ﾠto	 ﾠbe	 ﾠ
representative	 ﾠof	 ﾠthe	 ﾠwhole	 ﾠintervention	 ﾠgroup	 ﾠbecause	 ﾠthe	 ﾠimprovements	 ﾠobserved	 ﾠare	 ﾠsimilar.	 ﾠ
 ﾠ
6.3.2. Connectivity	 ﾠ
6.3.2.1. Response ﾠfrequency ﾠ	 ﾠ
I	 ﾠmeasured	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠipsilateral	 ﾠand	 ﾠcontralateral	 ﾠresponses,	 ﾠout	 ﾠof	 ﾠthe	 ﾠset	 ﾠof	 ﾠ20	 ﾠ
delivered	 ﾠto	 ﾠeach	 ﾠhemisphere,	 ﾠobserved	 ﾠat	 ﾠthis	 ﾠstimulation	 ﾠsetting.	 ﾠ	 ﾠA	 ﾠresponse	 ﾠwas	 ﾠdefined	 ﾠas	 ﾠa	 ﾠ
MEP	 ﾠwith	 ﾠamplitude	 ﾠof	 ﾠgreater	 ﾠthan	 ﾠ100µV.	 ﾠI	 ﾠthereby	 ﾠcompared	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠresponses	 ﾠin	 ﾠeach	 ﾠ
pathway	 ﾠ(PATH(4)-ﾭ‐unaffected	 ﾠcontralateral	 ﾠ(UC),	 ﾠunaffected	 ﾠipsilateral	 ﾠ(UI),	 ﾠaffected	 ﾠcontralateral	 ﾠ
(AC),	 ﾠaffected	 ﾠipsilateral	 ﾠ(AI))	 ﾠand	 ﾠmuscle	 ﾠ(MUSCLE(4))	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠunaffected	 ﾠand	 ﾠaffected	 ﾠ
hemisphere	 ﾠ(Fig	 ﾠ6.5).	 ﾠ
A	 ﾠclear	 ﾠdifference	 ﾠcan	 ﾠbe	 ﾠobserved	 ﾠbetween	 ﾠthe	 ﾠdifferent	 ﾠinnervation	 ﾠpaths	 ﾠ(2wrmANOVA	 ﾠ
(MUSCLE(4)*PATH(4)),	 ﾠInteraction	 ﾠF(9,27)=3.779,	 ﾠp=0.003).	 ﾠThere	 ﾠwas	 ﾠno	 ﾠstatistical	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠ
amount	 ﾠof	 ﾠresponses	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠdifferent	 ﾠmuscles	 ﾠnor	 ﾠdid	 ﾠthe	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠresponses	 ﾠin	 ﾠthe	 ﾠ
other	 ﾠthree	 ﾠpathways	 ﾠdiffer.	 ﾠ	 ﾠBecause	 ﾠthere	 ﾠwere	 ﾠno	 ﾠstatistical	 ﾠdifferences	 ﾠbetween	 ﾠthe	 ﾠdifferent	 ﾠ
muscles	 ﾠthe	 ﾠmean	 ﾠmeasure	 ﾠof	 ﾠall	 ﾠmuscles	 ﾠwas	 ﾠused	 ﾠfor	 ﾠpost-ﾭ‐hoc	 ﾠt-ﾭ‐tests,	 ﾠBonferroni	 ﾠcorrected	 ﾠfor	 ﾠ
multiple	 ﾠcomparison.	 ﾠ	 ﾠUnsurprisingly	 ﾠthe	 ﾠconnection	 ﾠfrom	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠto	 ﾠthe	 ﾠ
contralateral	 ﾠunaffected	 ﾠlimb	 ﾠwas	 ﾠstronger	 ﾠthan	 ﾠany	 ﾠof	 ﾠthe	 ﾠother	 ﾠpathways	 ﾠ(UC-ﾭ‐UI,	 ﾠt(18)=	 ﾠ12.960	 ﾠ,	 ﾠ






Figure	 ﾠ6.5.	 ﾠResponse	 ﾠfrequency	 ﾠfor	 ﾠcontralateral	 ﾠ(filled)	 ﾠand	 ﾠipsilateral	 ﾠ(unfilled)	 ﾠupper	 ﾠlimb	 ﾠ
muscles	 ﾠwhen	 ﾠstimulating	 ﾠunaffected	 ﾠ(red)	 ﾠand	 ﾠaffected	 ﾠ(blue)	 ﾠhemisphere.	 ﾠ
The	 ﾠtwo	 ﾠpathways	 ﾠof	 ﾠgreatest	 ﾠinterest	 ﾠare	 ﾠthe	 ﾠpathways	 ﾠprojecting	 ﾠto	 ﾠthe	 ﾠaffected	 ﾠlimb;	 ﾠe.g.	 ﾠ
ipsilesional	 ﾠresponses	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ(UI)	 ﾠand	 ﾠcontralateral	 ﾠresponses	 ﾠ
when	 ﾠstimulating	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠ(AC).	 ﾠI	 ﾠtherefore	 ﾠcompared	 ﾠthe	 ﾠprevalence	 ﾠin	 ﾠthese	 ﾠtwo	 ﾠ
pathways	 ﾠand	 ﾠalthough	 ﾠit	 ﾠappears	 ﾠthat	 ﾠAC	 ﾠresponses	 ﾠare	 ﾠmore	 ﾠfrequent	 ﾠthan	 ﾠUI	 ﾠresponses	 ﾠthis	 ﾠwas	 ﾠ
only	 ﾠapproaching	 ﾠsignificance	 ﾠwhen	 ﾠperforming	 ﾠa	 ﾠ2wrmANOVA	 ﾠ(Muscle(4)*Path(2)-ﾭ‐UI,AC)	 ﾠ
interaction(F(3,9)=3.301;	 ﾠp=0.072).	 ﾠ
6.3.2.2. Amplitude ﾠ
The	 ﾠsame	 ﾠclear	 ﾠincreased	 ﾠefficiency	 ﾠof	 ﾠUC	 ﾠpathways	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠthe	 ﾠUI	 ﾠand	 ﾠAC	 ﾠ
pathways	 ﾠis	 ﾠevident	 ﾠwhen	 ﾠinvestigating	 ﾠthe	 ﾠMEP	 ﾠamplitude	 ﾠ(Fig	 ﾠ6.6).	 ﾠ(Interaction	 ﾠin	 ﾠ2wrmANOVA	 ﾠ
Muscle(4)*Path(4)	 ﾠ(F(9,162)=9.442,	 ﾠp<=0.001)).	 ﾠThere	 ﾠwas	 ﾠno	 ﾠdifference	 ﾠof	 ﾠthe	 ﾠstrength	 ﾠof	 ﾠthese	 ﾠ
connections	 ﾠbetween	 ﾠthe	 ﾠdifferent	 ﾠmuscles	 ﾠand	 ﾠpost-ﾭ‐hoc	 ﾠt-ﾭ‐tests	 ﾠagain	 ﾠestablished	 ﾠthe	 ﾠsignificant	 ﾠ
difference	 ﾠbetween	 ﾠthe	 ﾠmean	 ﾠamplitude	 ﾠbetween	 ﾠthe	 ﾠ(UC-ﾭ‐UI,	 ﾠt(18)=9.269,	 ﾠp<=0.001,	 ﾠUC-ﾭ‐AC,	 ﾠ
t(18)=8.797,	 ﾠp<=0.001,	 ﾠUC-ﾭ‐AI,	 ﾠt(18)=9.007,	 ﾠp<=0.001)	 ﾠ.	 ﾠ	 ﾠHowever	 ﾠbecause	 ﾠwe	 ﾠdidn’t	 ﾠstandardise	 ﾠthe	 ﾠ




number	 ﾠof	 ﾠresponses	 ﾠas	 ﾠour	 ﾠmeasure	 ﾠof	 ﾠcortical	 ﾠexcitability	 ﾠfor	 ﾠfurther	 ﾠanalysis	 ﾠrather	 ﾠthan	 ﾠthe	 ﾠ
amplitude	 ﾠof	 ﾠMEPs.	 ﾠ
 ﾠ
Figure	 ﾠ6.6.	 ﾠMean	 ﾠMEP	 ﾠamplitude	 ﾠfor	 ﾠcontralateral	 ﾠ(filled)	 ﾠand	 ﾠipsilateral	 ﾠ(unfilled)	 ﾠupper	 ﾠlimb	 ﾠ
muscles	 ﾠwhen	 ﾠstimulating	 ﾠunaffected	 ﾠ(red)	 ﾠand	 ﾠaffected	 ﾠ(blue)	 ﾠhemisphere.	 ﾠ	 ﾠ
 ﾠ
6.3.2.3. Latency ﾠ
I	 ﾠwas	 ﾠinterested	 ﾠto	 ﾠestablish	 ﾠthe	 ﾠtiming	 ﾠof	 ﾠmotor	 ﾠevoked	 ﾠpotentials	 ﾠ(MEPs)	 ﾠonset	 ﾠto	 ﾠ
investigate	 ﾠif	 ﾠthe	 ﾠresponses	 ﾠI	 ﾠcould	 ﾠrecord	 ﾠwere	 ﾠdue	 ﾠto	 ﾠdirect	 ﾠpathways	 ﾠor	 ﾠif	 ﾠthe	 ﾠresponses	 ﾠwere	 ﾠ
delayed,	 ﾠpotentially	 ﾠindicating	 ﾠindirect	 ﾠpathways	 ﾠwith	 ﾠadditional	 ﾠsynapses.	 ﾠThe	 ﾠlatency	 ﾠof	 ﾠbiceps	 ﾠ
brachii,	 ﾠtriceps	 ﾠbrachii,	 ﾠanterior	 ﾠdeltoid	 ﾠhead	 ﾠand	 ﾠhorizontal	 ﾠpectoralis	 ﾠfibres	 ﾠwere	 ﾠcompared	 ﾠfor	 ﾠ
contralateral	 ﾠand	 ﾠipsilateral	 ﾠresponses	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠunaffected	 ﾠand	 ﾠaffected	 ﾠhemisphere	 ﾠ
(Fig	 ﾠ6.7).	 ﾠ	 ﾠ
As	 ﾠexpected,	 ﾠthe	 ﾠlatency	 ﾠfor	 ﾠcontralateral	 ﾠactivation	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠunaffected	 ﾠ
hemisphere	 ﾠwas	 ﾠshort	 ﾠin	 ﾠall	 ﾠinvestigated	 ﾠmuscles	 ﾠand	 ﾠbecause	 ﾠthere	 ﾠwas	 ﾠno	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠmean	 ﾠ
latency	 ﾠof	 ﾠthe	 ﾠpatways	 ﾠwe	 ﾠused	 ﾠthe	 ﾠmean	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠin	 ﾠeach	 ﾠpathway	 ﾠ(mean	 ﾠ((biceps+	 ﾠ
triceps+anterior	 ﾠdeltoid+	 ﾠpectoralis	 ﾠmajor)/4)	 ﾠ=	 ﾠ11.7ms;	 ﾠ(+/-ﾭ‐	 ﾠ1.56)).	 ﾠThe	 ﾠaverage	 ﾠlatencies	 ﾠfor	 ﾠUI	 ﾠ(16.1ms;	 ﾠ(+/-ﾭ‐




(2wrmANOVA	 ﾠ(MUSCLE(4)*PATH(4),	 ﾠInteraction	 ﾠF(9,27)=6.564,p<=0.001).	 ﾠThere	 ﾠis	 ﾠno	 ﾠsignificant	 ﾠ
difference	 ﾠin	 ﾠthe	 ﾠlatencies	 ﾠin	 ﾠthe	 ﾠdifferent	 ﾠmuscles	 ﾠbut	 ﾠa	 ﾠsignificant	 ﾠdifference	 ﾠbetween	 ﾠUC	 ﾠand	 ﾠUI	 ﾠ
(p=0.023)	 ﾠand	 ﾠbetween	 ﾠUC	 ﾠand	 ﾠAC	 ﾠ(p=0.050)	 ﾠin	 ﾠBonferroni	 ﾠcorrected	 ﾠpost-ﾭ‐hoc	 ﾠt-ﾭ‐tests.	 ﾠ	 ﾠ
 ﾠ
Figure	 ﾠ6.7.	 ﾠLatency	 ﾠof	 ﾠMEP	 ﾠonset	 ﾠfor	 ﾠcontralateral	 ﾠ(filled)	 ﾠand	 ﾠipsilateral	 ﾠ(unfilled)	 ﾠupper	 ﾠlimb	 ﾠ
muscles	 ﾠwhen	 ﾠstimulating	 ﾠunaffected	 ﾠ(red)	 ﾠand	 ﾠaffected	 ﾠ(blue)	 ﾠhemisphere.	 ﾠ
 ﾠ
I	 ﾠcan	 ﾠtherefore	 ﾠconclude	 ﾠthat	 ﾠthe	 ﾠcharacteristic	 ﾠof	 ﾠthe	 ﾠipsilateral	 ﾠpathways	 ﾠfrom	 ﾠthe	 ﾠ
unaffected	 ﾠ(UI)	 ﾠand	 ﾠthe	 ﾠaffected	 ﾠ(AI)	 ﾠhemisphere	 ﾠshare	 ﾠsimilar	 ﾠMEP	 ﾠcharacteristics	 ﾠin	 ﾠthese	 ﾠ
measures.	 ﾠThe	 ﾠcontralateral	 ﾠresponses	 ﾠare	 ﾠhowever	 ﾠvery	 ﾠdifferent	 ﾠbetween	 ﾠthe	 ﾠunaffected	 ﾠand	 ﾠthe	 ﾠ
affected	 ﾠhemisphere.	 ﾠThe	 ﾠcharacteristics	 ﾠof	 ﾠthe	 ﾠcontralateral	 ﾠresponses	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠ
affected	 ﾠhemisphere	 ﾠare	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠipsilateral	 ﾠresponses	 ﾠfrom	 ﾠboth	 ﾠhemispheres	 ﾠ(UI	 ﾠand	 ﾠAI).	 ﾠ
6.3.3. Correlation ﾠto ﾠImpairment ﾠ
6.3.3.1. Responses ﾠ
To	 ﾠinvestigate	 ﾠif	 ﾠthe	 ﾠpresence	 ﾠand	 ﾠstrength	 ﾠof	 ﾠthe	 ﾠrespective	 ﾠpathways	 ﾠare	 ﾠrelated	 ﾠto	 ﾠ
functional	 ﾠability	 ﾠI	 ﾠperformed	 ﾠcorrelation	 ﾠanalysis	 ﾠbetween	 ﾠthe	 ﾠconnectivity	 ﾠ(no	 ﾠof	 ﾠresponses	 ﾠto	 ﾠTMS	 ﾠ




baseline	 ﾠperformance	 ﾠin	 ﾠthe	 ﾠreaching	 ﾠtask).	 ﾠWe	 ﾠcompared	 ﾠhow	 ﾠthe	 ﾠresponses	 ﾠin	 ﾠthe	 ﾠUI	 ﾠand	 ﾠAC	 ﾠ
pathway	 ﾠcorrelated	 ﾠwith	 ﾠfunction.	 ﾠ 	 ﾠ
 ﾠ
Figure	 ﾠ6.8.	 ﾠCorrelation	 ﾠof	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠwith	 ﾠ	 ﾠA)	 ﾠnumber	 ﾠof	 ﾠUI	 ﾠresponses	 ﾠ(red)	 ﾠand	 ﾠB)	 ﾠ
number	 ﾠof	 ﾠAC	 ﾠresponses	 ﾠ(blue),	 ﾠCorrelation	 ﾠof	 ﾠbaseline	 ﾠendpoint	 ﾠerror	 ﾠwith	 ﾠ	 ﾠC)	 ﾠnumber	 ﾠof	 ﾠUI	 ﾠ
responses	 ﾠ(red)	 ﾠand	 ﾠD)	 ﾠnumberof	 ﾠAC	 ﾠresponses	 ﾠ(blue).	 ﾠAll	 ﾠdata	 ﾠrepresents	 ﾠindividual	 ﾠdata	 ﾠ
points	 ﾠof	 ﾠtraces	 ﾠfrom	 ﾠtriceps,	 ﾠanterior	 ﾠdeltoid	 ﾠand	 ﾠpectoralis	 ﾠmajor.	 ﾠ
 ﾠ
Ipsilateral	 ﾠresponses	 ﾠto	 ﾠTMS	 ﾠstimulation	 ﾠof	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ(UI)	 ﾠshowed	 ﾠno	 ﾠlinear	 ﾠ
relationship	 ﾠto	 ﾠmeasures	 ﾠof	 ﾠimpairment	 ﾠ(Fig	 ﾠ6.8A)	 ﾠ(Fugl-ﾭ‐Meyer	 ﾠscore)	 ﾠ(rho=.169,	 ﾠp=0.373)	 ﾠor	 ﾠ
baseline	 ﾠperformance	 ﾠat	 ﾠthe	 ﾠfast	 ﾠmovement	 ﾠtime	 ﾠ(Fig	 ﾠ6.8C)	 ﾠ(r=	 ﾠ.118	 ﾠp=0.535).	 ﾠHowever	 ﾠcontralateral	 ﾠ
responses	 ﾠto	 ﾠstimulation	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠwere	 ﾠcorrelated	 ﾠwith	 ﾠour	 ﾠmeasure	 ﾠof	 ﾠ
impairment	 ﾠ(Fig	 ﾠ6.8B)	 ﾠ(Fugl-ﾭ‐Meyer	 ﾠscore)(rho=.579,	 ﾠp<=0.001)	 ﾠand	 ﾠstrongly	 ﾠnegatively	 ﾠcorrelated	 ﾠto	 ﾠ
the	 ﾠbaseline	 ﾠerror	 ﾠ(Fig	 ﾠ6.8D)	 ﾠwhen	 ﾠperforming	 ﾠthe	 ﾠreaching	 ﾠtask	 ﾠ(r=	 ﾠ-ﾭ‐.626,	 ﾠp<=0.001).	 ﾠThe	 ﾠtwo	 ﾠ




2.167,	 ﾠp=0.037)	 ﾠas	 ﾠdid	 ﾠthe	 ﾠcorrelation	 ﾠbetween	 ﾠthe	 ﾠbaseline	 ﾠperformance	 ﾠand	 ﾠthe	 ﾠrespective	 ﾠ
pathways	 ﾠ(z=4.00,	 ﾠp=0.001).	 ﾠ
6.3.3.2. Latency ﾠvariability ﾠ
I	 ﾠassessed	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠMEP	 ﾠlatencies	 ﾠand	 ﾠthe	 ﾠextent	 ﾠof	 ﾠipsilateral	 ﾠ(UI)	 ﾠor	 ﾠ
contralateral(AC)	 ﾠcontrol	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠside	 ﾠ(Fig	 ﾠ6.9).	 ﾠTo	 ﾠnormalise	 ﾠthe	 ﾠlatencies	 ﾠbetween	 ﾠ
individuals	 ﾠI	 ﾠsubtracted	 ﾠthe	 ﾠindividual	 ﾠmean	 ﾠUC	 ﾠlatency	 ﾠfor	 ﾠeach	 ﾠmuscle	 ﾠfrom	 ﾠthe	 ﾠlatency	 ﾠof	 ﾠthe	 ﾠother	 ﾠ
3	 ﾠpathway	 ﾠlatency.	 ﾠTherefore	 ﾠlatencies	 ﾠare	 ﾠnormalised	 ﾠon	 ﾠan	 ﾠindividual	 ﾠbasis,	 ﾠwhich	 ﾠaccounts	 ﾠfor	 ﾠ
differences	 ﾠin	 ﾠperipheral	 ﾠconduction	 ﾠtime	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠbody	 ﾠheight	 ﾠand	 ﾠage.	 ﾠI	 ﾠinvestigate	 ﾠif	 ﾠaltered	 ﾠ
latencies	 ﾠin	 ﾠthe	 ﾠUI	 ﾠand	 ﾠAC	 ﾠwere	 ﾠcorrelated	 ﾠto	 ﾠgood	 ﾠor	 ﾠpoor	 ﾠmotor	 ﾠfunction.	 ﾠ	 ﾠ
 ﾠ
Figure	 ﾠ6.9.	 ﾠCorrelation	 ﾠof	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠwith	 ﾠ	 ﾠA)	 ﾠincreased	 ﾠlatency	 ﾠof	 ﾠUI	 ﾠresponses(red)	 ﾠ
and	 ﾠB)	 ﾠincreased	 ﾠlatency	 ﾠof	 ﾠAC	 ﾠresponses	 ﾠ(blue)	 ﾠin	 ﾠrelationship	 ﾠthe	 ﾠUC	 ﾠresponse	 ﾠlatency.	 ﾠ
 ﾠ
The	 ﾠUI	 ﾠand	 ﾠAC	 ﾠlatencies	 ﾠare	 ﾠclearly	 ﾠincreased	 ﾠin	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠthese	 ﾠindividuals	 ﾠbut	 ﾠshow	 ﾠ
great	 ﾠinter-ﾭ‐individual	 ﾠvariation	 ﾠ(Fig	 ﾠ6.9	 ﾠA&B).	 ﾠIn	 ﾠthe	 ﾠUI	 ﾠthere	 ﾠis	 ﾠhowever	 ﾠonly	 ﾠa	 ﾠvery	 ﾠlimited	 ﾠ
correlation	 ﾠof	 ﾠthe	 ﾠnormalised	 ﾠlatency	 ﾠto	 ﾠthe	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠ(Fig	 ﾠ6.9A)	 ﾠ(rho=	 ﾠ.102,	 ﾠp=0.532).	 ﾠ	 ﾠIn	 ﾠ
contrast	 ﾠin	 ﾠthe	 ﾠAC	 ﾠthere	 ﾠis	 ﾠa	 ﾠclear	 ﾠnegative	 ﾠlinear	 ﾠrelationship	 ﾠbetween	 ﾠthe	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠand	 ﾠthe	 ﾠ
normalised	 ﾠMEP	 ﾠlatencies	 ﾠ(Fig	 ﾠ6.9B)	 ﾠ(rho=.455,	 ﾠp<=0.001)	 ﾠindicating	 ﾠthat	 ﾠindividuals	 ﾠwith	 ﾠshorter	 ﾠ
latencies	 ﾠhave	 ﾠbetter	 ﾠfunctional	 ﾠability.	 ﾠThe	 ﾠcorrelations	 ﾠbetween	 ﾠthe	 ﾠresponse	 ﾠlatency	 ﾠand	 ﾠthe	 ﾠtwo	 ﾠ




indicator	 ﾠthat	 ﾠcorticospinal	 ﾠpathways	 ﾠare	 ﾠintact	 ﾠand	 ﾠthat	 ﾠno	 ﾠextensive	 ﾠcortical	 ﾠremodelling	 ﾠoccurred	 ﾠ
which	 ﾠwould	 ﾠresult	 ﾠin	 ﾠadded	 ﾠsynaptic	 ﾠconnections,	 ﾠand	 ﾠthereby	 ﾠadditional	 ﾠconduction	 ﾠtime.	 ﾠ
I	 ﾠcan	 ﾠtherefore	 ﾠshow	 ﾠthat	 ﾠgreater	 ﾠexcitability	 ﾠof	 ﾠthe	 ﾠAC	 ﾠpathway	 ﾠ(MEP	 ﾠresponses),	 ﾠas	 ﾠwell	 ﾠas	 ﾠ
maintenance	 ﾠof	 ﾠnormal	 ﾠAC	 ﾠpathways	 ﾠlatency,	 ﾠare	 ﾠpredictors	 ﾠof	 ﾠfunctional	 ﾠability.	 ﾠThe	 ﾠnumber	 ﾠof	 ﾠUI	 ﾠ
responses	 ﾠis	 ﾠnot	 ﾠrelated	 ﾠto	 ﾠimpairment	 ﾠnor	 ﾠdo	 ﾠthey	 ﾠcorrelate	 ﾠwith	 ﾠfunctional	 ﾠability	 ﾠin	 ﾠthis	 ﾠgroup	 ﾠof	 ﾠ
chronic	 ﾠstroke	 ﾠsurvivors.	 ﾠ 	 ﾠ
6.3.4. Changes ﾠinduced ﾠby ﾠtraining ﾠ
I	 ﾠfurther	 ﾠwanted	 ﾠto	 ﾠinvestigate	 ﾠif	 ﾠour	 ﾠtraining	 ﾠparadigm	 ﾠinduced	 ﾠany	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠmeasure	 ﾠof	 ﾠ
corticospinal	 ﾠexcitability	 ﾠand	 ﾠspecifically	 ﾠif	 ﾠthe	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠpromote	 ﾠ
different	 ﾠmechanisms	 ﾠof	 ﾠrecovery.	 ﾠFor	 ﾠthis	 ﾠanalysis	 ﾠI	 ﾠdid	 ﾠnot	 ﾠinclude	 ﾠbiceps	 ﾠactivity	 ﾠbecause	 ﾠalthough	 ﾠ
this	 ﾠmuscle	 ﾠwas	 ﾠnot	 ﾠactive	 ﾠin	 ﾠour	 ﾠtraining	 ﾠprotocol	 ﾠit	 ﾠwas	 ﾠeccentrically	 ﾠactivated	 ﾠduring	 ﾠthe	 ﾠTMS	 ﾠtask.	 ﾠ
I	 ﾠobserved	 ﾠsmall	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠresponse	 ﾠincidence	 ﾠ(Fig	 ﾠ6.10	 ﾠA&B)	 ﾠand	 ﾠthis	 ﾠraw	 ﾠdata	 ﾠare	 ﾠused	 ﾠto	 ﾠ
calculate	 ﾠthe	 ﾠlaterality	 ﾠindex	 ﾠ(Fig	 ﾠ6.11).	 ﾠDelivering	 ﾠTMS	 ﾠto	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠshowed	 ﾠthat	 ﾠ
the	 ﾠtraining	 ﾠgroups	 ﾠdiffered	 ﾠin	 ﾠthe	 ﾠamount	 ﾠof	 ﾠUI	 ﾠresponses	 ﾠobserved	 ﾠafter	 ﾠtraining	 ﾠ(2w	 ﾠrmANOVA	 ﾠ
(Time(2)*GROUP(2),	 ﾠeffect	 ﾠof	 ﾠGROUP	 ﾠF(1,55)=5.377;	 ﾠp=0.024),	 ﾠnamely	 ﾠa	 ﾠreduced	 ﾠnumber	 ﾠof	 ﾠUI	 ﾠ
responses	 ﾠ(Fig	 ﾠ6.10	 ﾠA)	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠ(t(26)	 ﾠ=	 ﾠ2.108	 ﾠ	 ﾠp	 ﾠ=	 ﾠ0.045).	 ﾠFor	 ﾠcontralateral	 ﾠ
responses	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠ(AC)(Fig	 ﾠ6.10	 ﾠB)	 ﾠan	 ﾠinteraction	 ﾠwas	 ﾠobserved	 ﾠin	 ﾠ
a	 ﾠ2wrm	 ﾠANOVA	 ﾠ(F(1,55)=4.878;	 ﾠp=0.031),	 ﾠbut	 ﾠneither	 ﾠthe	 ﾠincrease	 ﾠin	 ﾠresponses	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠfast	 ﾠ
training	 ﾠgroup,	 ﾠnor	 ﾠthe	 ﾠreduction	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠwas	 ﾠsignificant.	 ﾠThis	 ﾠfinding	 ﾠindicates	 ﾠ
that	 ﾠtraining	 ﾠat	 ﾠslow	 ﾠvelocity	 ﾠreduces	 ﾠthe	 ﾠcorticospinal	 ﾠdrive	 ﾠfrom	 ﾠthe	 ﾠunaffected	 ﾠhemisphere.	 ﾠThe	 ﾠ
two	 ﾠtraining	 ﾠprotocols	 ﾠhave	 ﾠopposite	 ﾠeffects	 ﾠon	 ﾠthe	 ﾠamount	 ﾠof	 ﾠcrossed	 ﾠcorticospinal	 ﾠdrive	 ﾠfrom	 ﾠthe	 ﾠ
affected	 ﾠhemisphere,	 ﾠhowever	 ﾠwhether	 ﾠthis	 ﾠis	 ﾠby	 ﾠincreased	 ﾠdrive	 ﾠafter	 ﾠfast	 ﾠtraining	 ﾠor	 ﾠdue	 ﾠto	 ﾠ
reduced	 ﾠreliance	 ﾠafter	 ﾠslow	 ﾠtraining	 ﾠis	 ﾠinconclusive.	 ﾠNo	 ﾠchanges	 ﾠin	 ﾠresponse	 ﾠlatency	 ﾠwere	 ﾠobserved	 ﾠin	 ﾠ
the	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠafter	 ﾠtraining	 ﾠwith	 ﾠeither	 ﾠipsilateral	 ﾠor	 ﾠcontralateral	 ﾠstimulation	 ﾠ(Fig	 ﾠ6.10	 ﾠ





Figure	 ﾠ6.7.	 ﾠA-ﾭ‐B)	 ﾠChange	 ﾠof	 ﾠMEP	 ﾠnumber	 ﾠof	 ﾠresponses	 ﾠand	 ﾠC-ﾭ‐D)	 ﾠlatency	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠ
after(filled)	 ﾠtraining	 ﾠfor	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠ(fast	 ﾠand	 ﾠslow).	 ﾠRed	 ﾠgraphs	 ﾠdepicts	 ﾠUI	 ﾠ
responses	 ﾠand	 ﾠblue	 ﾠgraphs	 ﾠAC	 ﾠMEP	 ﾠresponses.	 ﾠ
 ﾠ
When	 ﾠusing	 ﾠthe	 ﾠalterations	 ﾠin	 ﾠMEP	 ﾠprevalence	 ﾠreported	 ﾠin	 ﾠFig	 ﾠ6.10	 ﾠto	 ﾠcalculate	 ﾠthe	 ﾠlaterality	 ﾠ
index	 ﾠ(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008)	 ﾠwe	 ﾠdid	 ﾠnot	 ﾠfind	 ﾠany	 ﾠsignificant	 ﾠchanges	 ﾠin	 ﾠlaterality	 ﾠfor	 ﾠeither	 ﾠof	 ﾠthe	 ﾠ
training	 ﾠgroups	 ﾠ(Fig	 ﾠ6.11).	 ﾠ	 ﾠ
 ﾠ
Figure	 ﾠ6.8.	 ﾠLaterality	 ﾠindex	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠ




6.4.  Discussion ﾠ ﾠ
Transcranial	 ﾠmagnetic	 ﾠstimulation	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠinvestigate	 ﾠthe	 ﾠintegrity	 ﾠof	 ﾠcorticospinal	 ﾠ
pathways	 ﾠafter	 ﾠstroke	 ﾠ(Turton	 ﾠet	 ﾠal.,	 ﾠ1996,	 ﾠBawa	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠIn	 ﾠthis	 ﾠset	 ﾠof	 ﾠ
experiments	 ﾠboth	 ﾠhemispheres	 ﾠwhere	 ﾠstimulated	 ﾠand	 ﾠresponses	 ﾠwere	 ﾠmeasured	 ﾠin	 ﾠthe	 ﾠcontralateral	 ﾠ
and	 ﾠipsilateral	 ﾠpathways.	 ﾠA	 ﾠstandardized	 ﾠstimulation	 ﾠprotocol	 ﾠof	 ﾠ70%	 ﾠMSO	 ﾠwas	 ﾠused	 ﾠfor	 ﾠall	 ﾠ
individuals.	 ﾠOnly	 ﾠthe	 ﾠstimulation	 ﾠsite	 ﾠwas	 ﾠtailored	 ﾠto	 ﾠeach	 ﾠindividual’s	 ﾠhotspot	 ﾠfor	 ﾠMEPs	 ﾠin	 ﾠthe	 ﾠ
affected	 ﾠupper	 ﾠlimb.	 ﾠTwenty	 ﾠstimulations	 ﾠwere	 ﾠdelivered	 ﾠto	 ﾠeach	 ﾠhemisphere’s	 ﾠhotspot	 ﾠand	 ﾠ
ipsilateral	 ﾠand	 ﾠcontralateral	 ﾠresponses	 ﾠwere	 ﾠrecorded.	 ﾠThe	 ﾠnumber	 ﾠof	 ﾠstimulation	 ﾠwas	 ﾠlimited	 ﾠto	 ﾠ
maintain	 ﾠpatient	 ﾠcomfort	 ﾠand	 ﾠprevent	 ﾠactivation	 ﾠfatigue.	 ﾠ
In	 ﾠthis	 ﾠset	 ﾠof	 ﾠresults	 ﾠI	 ﾠcan	 ﾠshow	 ﾠthat	 ﾠin	 ﾠour	 ﾠstroke	 ﾠpatients	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠwas	 ﾠ
activated	 ﾠby	 ﾠboth	 ﾠcontralateral	 ﾠconnections	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠ(AC)	 ﾠas	 ﾠwell	 ﾠas,	 ﾠto	 ﾠa	 ﾠlesser	 ﾠ
degree,	 ﾠby	 ﾠipsilateral	 ﾠconnections	 ﾠfrom	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ(UI).	 ﾠThe	 ﾠresponses	 ﾠfrom	 ﾠboth	 ﾠUI	 ﾠ
and	 ﾠAC	 ﾠpathways	 ﾠhad	 ﾠlonger	 ﾠconduction	 ﾠtime	 ﾠwith	 ﾠlarge	 ﾠinter-ﾭ‐individual	 ﾠvariation.	 ﾠIn	 ﾠthis	 ﾠgroup	 ﾠof	 ﾠ
chronic	 ﾠstroke	 ﾠsurvivors	 ﾠthe	 ﾠintegrity	 ﾠof	 ﾠthe	 ﾠcontralateral	 ﾠcorticospinal	 ﾠtract	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠ
hemisphere	 ﾠwas	 ﾠa	 ﾠstrong	 ﾠpredictor	 ﾠof	 ﾠfunctional	 ﾠability.	 ﾠHowever	 ﾠipsilateral	 ﾠMEP	 ﾠresponses	 ﾠto	 ﾠTMS	 ﾠ
stimulation	 ﾠof	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠdid	 ﾠnot	 ﾠcorrelate	 ﾠwith	 ﾠfunctional	 ﾠability.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
6.4.1. The ﾠpathways ﾠand ﾠtheir ﾠinvolvement ﾠin ﾠfunction ﾠ ﾠ
The	 ﾠreduced	 ﾠsize	 ﾠand	 ﾠnumber	 ﾠof	 ﾠMEP	 ﾠresponses	 ﾠin	 ﾠthe	 ﾠweak	 ﾠupper	 ﾠlimb	 ﾠafter	 ﾠcontrolateral	 ﾠ
stimulation	 ﾠand	 ﾠthe	 ﾠincreased	 ﾠprevalence	 ﾠof	 ﾠipsilateral	 ﾠresponses	 ﾠreproduce	 ﾠprevious	 ﾠfindings	 ﾠin	 ﾠ
stroke	 ﾠpatients	 ﾠ(Turton	 ﾠet	 ﾠal.,	 ﾠ1996,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ	 ﾠ
Responses	 ﾠto	 ﾠstimulation	 ﾠwere	 ﾠmeasured	 ﾠin	 ﾠ4	 ﾠpathways,	 ﾠthe	 ﾠUC,	 ﾠUI,	 ﾠAC	 ﾠand	 ﾠAI.	 ﾠLatencies	 ﾠof	 ﾠ
contralateral	 ﾠMEPs	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠunaffected	 ﾠhemisphere	 ﾠ(UC)	 ﾠare	 ﾠshort	 ﾠas	 ﾠexpected	 ﾠin	 ﾠ
proximal	 ﾠpre-ﾭ‐activated	 ﾠmuscles	 ﾠ(Rothwell	 ﾠet	 ﾠal.,	 ﾠ1987,	 ﾠBawa	 ﾠand	 ﾠLemon,	 ﾠ1993,	 ﾠKischka	 ﾠet	 ﾠal.,	 ﾠ1993).	 ﾠ
In	 ﾠcontrast,	 ﾠlatencies	 ﾠin	 ﾠall	 ﾠother	 ﾠpathways	 ﾠwere	 ﾠlonger,	 ﾠreplicating	 ﾠprevious	 ﾠfindings	 ﾠ(Turton	 ﾠet	 ﾠal.,	 ﾠ




Normalization	 ﾠof	 ﾠthe	 ﾠlatency	 ﾠto	 ﾠthe	 ﾠUC	 ﾠlatency	 ﾠallows	 ﾠan	 ﾠestimation	 ﾠof	 ﾠonset	 ﾠdelay	 ﾠon	 ﾠa	 ﾠ
subject-ﾭ‐by-ﾭ‐subject	 ﾠbasis	 ﾠwhile	 ﾠdiscounting	 ﾠinter-ﾭ‐individual	 ﾠdifferences	 ﾠin	 ﾠperipheral	 ﾠconduction	 ﾠtime	 ﾠ
due	 ﾠto	 ﾠheight	 ﾠand	 ﾠage	 ﾠdifferences	 ﾠ(Eisen	 ﾠand	 ﾠShtybel,	 ﾠ1990).	 ﾠLonger	 ﾠconduction	 ﾠtimes,	 ﾠobserved	 ﾠ
after	 ﾠstroke	 ﾠare	 ﾠthought	 ﾠto	 ﾠbe	 ﾠan	 ﾠindicator	 ﾠof	 ﾠindirect	 ﾠpathways	 ﾠdue	 ﾠto	 ﾠre-ﾭ‐wiring	 ﾠand	 ﾠthe	 ﾠ
incorporation	 ﾠof	 ﾠmore	 ﾠsynapses	 ﾠalong	 ﾠthe	 ﾠconduction	 ﾠpath	 ﾠ(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠIn	 ﾠthis	 ﾠpatient	 ﾠ
population	 ﾠthe	 ﾠlatency	 ﾠof	 ﾠresponses	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠUI	 ﾠpathway	 ﾠwas	 ﾠwidely	 ﾠdistributed.	 ﾠ
Surprisingly,	 ﾠin	 ﾠsome	 ﾠindividuals,	 ﾠthe	 ﾠlatency	 ﾠwas	 ﾠthe	 ﾠsame	 ﾠas	 ﾠin	 ﾠthe	 ﾠUC,	 ﾠwhich	 ﾠmust	 ﾠindicate	 ﾠfast	 ﾠ
direct	 ﾠipsilateral	 ﾠconnections	 ﾠto	 ﾠthe	 ﾠaffected	 ﾠlimb.	 ﾠThis	 ﾠhas	 ﾠbeen	 ﾠpreviously	 ﾠreported	 ﾠby	 ﾠSchwerin	 ﾠet	 ﾠ
al	 ﾠ2008,	 ﾠand	 ﾠin	 ﾠtheir	 ﾠstudy	 ﾠthey	 ﾠalso	 ﾠobserved	 ﾠthat	 ﾠMEP	 ﾠamplitudes	 ﾠwere	 ﾠof	 ﾠthe	 ﾠsame	 ﾠsize	 ﾠin	 ﾠthe	 ﾠUI	 ﾠ
and	 ﾠUC	 ﾠresponses	 ﾠin	 ﾠpectoralis	 ﾠmajor	 ﾠ(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠThe	 ﾠpresence	 ﾠof	 ﾠthis	 ﾠrapid	 ﾠconnection	 ﾠis	 ﾠ
interesting	 ﾠand	 ﾠmay	 ﾠbe	 ﾠdue	 ﾠto	 ﾠplastic	 ﾠunmasking	 ﾠof	 ﾠa	 ﾠnon-ﾭ‐excitable	 ﾠpathway	 ﾠin	 ﾠhealthy	 ﾠindividuals.	 ﾠ
However,	 ﾠthis	 ﾠpathway	 ﾠhas	 ﾠnow	 ﾠbeen	 ﾠlargely	 ﾠdismissed	 ﾠas	 ﾠa	 ﾠcontributor	 ﾠto	 ﾠfunctional	 ﾠrecovery	 ﾠ
(Palmer	 ﾠet	 ﾠal.,	 ﾠ1992,	 ﾠZiemann	 ﾠet	 ﾠal.,	 ﾠ1999)	 ﾠthat	 ﾠmay	 ﾠexplain	 ﾠthe	 ﾠpoor	 ﾠcorrelation	 ﾠobserved	 ﾠbetween	 ﾠ
the	 ﾠlatency	 ﾠof	 ﾠthe	 ﾠUI	 ﾠresponses	 ﾠand	 ﾠfunctional	 ﾠability.	 ﾠHowever	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠresponse	 ﾠlatencies	 ﾠin	 ﾠ
our	 ﾠstimulation	 ﾠparadigm	 ﾠwere	 ﾠdelayed	 ﾠto	 ﾠa	 ﾠsimilar	 ﾠmagnitude	 ﾠas	 ﾠhas	 ﾠbeen	 ﾠreported	 ﾠin	 ﾠstroke	 ﾠ
studies	 ﾠ(Turton	 ﾠet	 ﾠal.,	 ﾠ1996,	 ﾠAlagona	 ﾠet	 ﾠal.,	 ﾠ2001)	 ﾠindicating	 ﾠindirect	 ﾠpathways,	 ﾠwith	 ﾠpotential	 ﾠ
additional	 ﾠsynaptic	 ﾠconnections.	 ﾠContralateral	 ﾠresponse	 ﾠonset	 ﾠlatencies,	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠ
affected	 ﾠhemisphere	 ﾠwere	 ﾠalso	 ﾠvariable.	 ﾠHowever	 ﾠin	 ﾠthis	 ﾠpathway	 ﾠshorter	 ﾠlatencies,	 ﾠand	 ﾠthereby	 ﾠ
probably	 ﾠintact	 ﾠcorticospinal	 ﾠpathways	 ﾠare	 ﾠan	 ﾠindicator	 ﾠof	 ﾠbetter	 ﾠfunction.	 ﾠThis	 ﾠfinding	 ﾠsupports	 ﾠ
previous	 ﾠstudies	 ﾠthat	 ﾠintact	 ﾠcorticospinal	 ﾠpathways	 ﾠ(Stinear	 ﾠet	 ﾠal.,	 ﾠ2007)	 ﾠand	 ﾠmore	 ﾠnormal	 ﾠpatterns	 ﾠ
of	 ﾠcortical	 ﾠactivation	 ﾠ(Ward	 ﾠet	 ﾠal.,	 ﾠ2003)	 ﾠare	 ﾠpredictors	 ﾠof	 ﾠgood	 ﾠrecovery.	 ﾠ	 ﾠ
In	 ﾠour	 ﾠstimulation	 ﾠparadigm	 ﾠstimulation	 ﾠwas	 ﾠperformed	 ﾠat	 ﾠan	 ﾠintensity	 ﾠof	 ﾠ70%	 ﾠMSO,	 ﾠrather	 ﾠ
than	 ﾠa	 ﾠtailored	 ﾠintensity	 ﾠin	 ﾠrelation	 ﾠto	 ﾠeach	 ﾠindividuals	 ﾠmotor	 ﾠthreshold.	 ﾠThis	 ﾠlevel	 ﾠof	 ﾠstimulation	 ﾠis	 ﾠ
not	 ﾠuncomfortable	 ﾠand	 ﾠthereby	 ﾠmaintains	 ﾠpatient	 ﾠcompliance.	 ﾠAdditionally	 ﾠa	 ﾠceiling	 ﾠeffect	 ﾠis	 ﾠunlikely	 ﾠ
to	 ﾠbe	 ﾠobserved	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠother	 ﾠstimulations	 ﾠparadigms	 ﾠwere	 ﾠ90-ﾭ‐100%	 ﾠMSO	 ﾠis	 ﾠused	 ﾠ(Schwerin	 ﾠ




threshold	 ﾠcan	 ﾠoccur	 ﾠfor	 ﾠmore	 ﾠexcitable	 ﾠpathways.	 ﾠHowever,	 ﾠa	 ﾠfloor	 ﾠeffect	 ﾠand	 ﾠabsence	 ﾠof	 ﾠresponses	 ﾠ
is	 ﾠpossible	 ﾠin	 ﾠour	 ﾠintensity	 ﾠof	 ﾠstimulator	 ﾠsetting.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
The	 ﾠpresence	 ﾠof	 ﾠMEP	 ﾠresponses	 ﾠwas	 ﾠused	 ﾠas	 ﾠthe	 ﾠprimary	 ﾠmeasure	 ﾠof	 ﾠexcitability,	 ﾠrather	 ﾠthan	 ﾠ
MEP	 ﾠamplitude	 ﾠ(Misawa	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠSwayne	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠMEP	 ﾠamplitude	 ﾠis	 ﾠsusceptible	 ﾠto	 ﾠ
alterations	 ﾠin	 ﾠthe	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠsystem	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠcontrolled	 ﾠby	 ﾠmaintaining	 ﾠthe	 ﾠsame	 ﾠpre-ﾭ‐
activation	 ﾠEMG	 ﾠactivity.	 ﾠFor	 ﾠthis	 ﾠmethod	 ﾠmaximal	 ﾠEMG	 ﾠactivity	 ﾠis	 ﾠmeasured	 ﾠprior	 ﾠto	 ﾠtesting	 ﾠand	 ﾠpre-ﾭ‐
activation	 ﾠis	 ﾠperformed	 ﾠat	 ﾠa	 ﾠpercentage	 ﾠof	 ﾠthis	 ﾠactivity	 ﾠ(Kischka	 ﾠet	 ﾠal.,	 ﾠ1993,	 ﾠBawa	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠ
MacKinnon	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠHowever,	 ﾠin	 ﾠthis	 ﾠprotocol	 ﾠI	 ﾠdid	 ﾠnot	 ﾠmeasure	 ﾠmaximal	 ﾠEMG	 ﾠactivity	 ﾠor	 ﾠ
standardize	 ﾠpre-ﾭ‐activation	 ﾠas	 ﾠwe	 ﾠmeasured	 ﾠMEPs	 ﾠin	 ﾠ4	 ﾠdifferent	 ﾠmuscles	 ﾠin	 ﾠindividuals	 ﾠwith	 ﾠupper	 ﾠ
limb	 ﾠweakness.	 ﾠStimulations	 ﾠwere	 ﾠdelivered	 ﾠusing	 ﾠa	 ﾠfootswitch	 ﾠto	 ﾠtime	 ﾠstimulation	 ﾠwith	 ﾠthe	 ﾠperiod	 ﾠof	 ﾠ
maximal	 ﾠmuscle	 ﾠactivity	 ﾠduring	 ﾠreaching.	 ﾠIn	 ﾠproximal	 ﾠmuscles,	 ﾠpre-ﾭ‐activation	 ﾠis	 ﾠvery	 ﾠimportant	 ﾠto	 ﾠ
elicit	 ﾠMEPs	 ﾠ(Alagona	 ﾠet	 ﾠal.,	 ﾠ2001,	 ﾠBawa	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠbut	 ﾠthe	 ﾠmetrics	 ﾠof	 ﾠMEP	 ﾠ
responses	 ﾠare	 ﾠnot	 ﾠas	 ﾠsensitive	 ﾠto	 ﾠdifferent	 ﾠlevels	 ﾠof	 ﾠpre-ﾭ‐activation	 ﾠmuscle	 ﾠactivity	 ﾠ(Kischka	 ﾠet	 ﾠal.,	 ﾠ
1993,	 ﾠMacKinnon	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠTherefore	 ﾠthe	 ﾠvariation	 ﾠof	 ﾠpre-ﾭ‐activation	 ﾠin	 ﾠthis	 ﾠparadigm	 ﾠshould	 ﾠnot	 ﾠ
influence	 ﾠthe	 ﾠincidence	 ﾠof	 ﾠMEPs	 ﾠwithin	 ﾠand	 ﾠbetween	 ﾠindividuals	 ﾠand	 ﾠmuscles.	 ﾠ	 ﾠ
A	 ﾠpre-ﾭ‐determinded	 ﾠMSO	 ﾠhas	 ﾠbeen	 ﾠused	 ﾠin	 ﾠprevious	 ﾠstudies	 ﾠ(Turton	 ﾠet	 ﾠal.,	 ﾠ1996,	 ﾠSchwerin	 ﾠet	 ﾠ
al.,	 ﾠ2008)	 ﾠand	 ﾠthe	 ﾠresponse	 ﾠincidence	 ﾠis	 ﾠused	 ﾠwhen	 ﾠdetermining	 ﾠlaterality	 ﾠ(Schwerin	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠ
Interpreting	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠlaterality	 ﾠindex	 ﾠis	 ﾠhowever	 ﾠdifficult	 ﾠas	 ﾠthey	 ﾠdo	 ﾠnot	 ﾠonly	 ﾠindicate	 ﾠthe	 ﾠ
changes	 ﾠin	 ﾠone	 ﾠpathway	 ﾠbut	 ﾠadditionally	 ﾠthe	 ﾠalteration	 ﾠin	 ﾠthe	 ﾠbalance	 ﾠbetween	 ﾠthe	 ﾠipsilateral	 ﾠand	 ﾠ
contralateral	 ﾠconnections.	 ﾠ	 ﾠ
The	 ﾠcontribution	 ﾠof	 ﾠthe	 ﾠcontralateral	 ﾠand	 ﾠipsilateral	 ﾠpathway	 ﾠto	 ﾠfunctional	 ﾠupper	 ﾠlimb	 ﾠability	 ﾠ
was	 ﾠinvestigated.	 ﾠThe	 ﾠincidence	 ﾠof	 ﾠresponses	 ﾠin	 ﾠthe	 ﾠipsilateral	 ﾠpathway	 ﾠwas	 ﾠnot	 ﾠcorrelated	 ﾠto	 ﾠeither	 ﾠ
clinical	 ﾠimpairment	 ﾠor	 ﾠthe	 ﾠperformance	 ﾠat	 ﾠour	 ﾠmotor	 ﾠtask	 ﾠat	 ﾠbaseline.	 ﾠ	 ﾠIn	 ﾠprevious	 ﾠstudies	 ﾠgreater	 ﾠ
incidence	 ﾠof	 ﾠipsilateral	 ﾠresponses	 ﾠwere	 ﾠassociated	 ﾠwith	 ﾠpoorer	 ﾠrecovery,	 ﾠwhich	 ﾠour	 ﾠfinding	 ﾠcan	 ﾠnot	 ﾠ




lesioned	 ﾠhemisphere	 ﾠdid	 ﾠpredict	 ﾠboth	 ﾠimpairment	 ﾠas	 ﾠwell	 ﾠas	 ﾠbaseline	 ﾠtask	 ﾠperformance,	 ﾠsupporting	 ﾠ
the	 ﾠimportance	 ﾠof	 ﾠan	 ﾠintact	 ﾠcrossed	 ﾠcorticospinal	 ﾠtract	 ﾠfor	 ﾠrecovery.	 ﾠ	 ﾠ
6.4.2. Change ﾠdue ﾠto ﾠtraining ﾠat ﾠtwo ﾠparameters ﾠ
Previous	 ﾠstudies	 ﾠhave	 ﾠreported	 ﾠchanges	 ﾠin	 ﾠMEP	 ﾠlatencies	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠ(Turton	 ﾠet	 ﾠal.,	 ﾠ1996,	 ﾠ
Barker	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠand	 ﾠlongitudinally	 ﾠin	 ﾠthe	 ﾠrecovery	 ﾠphase	 ﾠafter	 ﾠstroke	 ﾠ(Alagona	 ﾠet	 ﾠal.,	 ﾠ2001),	 ﾠ
indicating	 ﾠimprovements	 ﾠin	 ﾠperformance	 ﾠand	 ﾠimpairment.	 ﾠI	 ﾠdid	 ﾠnot	 ﾠobserve	 ﾠany	 ﾠchanges	 ﾠin	 ﾠlatency	 ﾠin	 ﾠ
either	 ﾠof	 ﾠthe	 ﾠtraining	 ﾠgroups	 ﾠbut	 ﾠin	 ﾠthis	 ﾠvery	 ﾠbrief	 ﾠtraining	 ﾠprotocol,	 ﾠlatency	 ﾠchanges	 ﾠwould	 ﾠbe	 ﾠ
surprising.	 ﾠ
The	 ﾠchange	 ﾠin	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠresponses	 ﾠobserved	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠaffected	 ﾠ
hemisphere,	 ﾠdifferentiating	 ﾠthe	 ﾠtwo	 ﾠgroups	 ﾠis	 ﾠinteresting.	 ﾠIn	 ﾠthis	 ﾠparadigm	 ﾠaccuracy	 ﾠimprovements	 ﾠ
were	 ﾠrequired	 ﾠfor	 ﾠboth	 ﾠtraining	 ﾠgroups	 ﾠhowever	 ﾠtraining	 ﾠwas	 ﾠperformed	 ﾠat	 ﾠeither	 ﾠhigh	 ﾠor	 ﾠlow	 ﾠ
velocity.	 ﾠThis	 ﾠmakes	 ﾠcomparison	 ﾠto	 ﾠprevious	 ﾠstudies	 ﾠinvestigating	 ﾠeither	 ﾠthe	 ﾠfrequency	 ﾠof	 ﾠmovement	 ﾠ
(Jancke	 ﾠet	 ﾠal.,	 ﾠ1998,	 ﾠMattay	 ﾠand	 ﾠWeinberger,	 ﾠ1999)	 ﾠor	 ﾠvarying	 ﾠaccuracy	 ﾠdemands	 ﾠ(Winstein	 ﾠet	 ﾠal.,	 ﾠ
1997,	 ﾠBuetefisch	 ﾠet	 ﾠal.,	 ﾠ2014)	 ﾠdifficult.	 ﾠHowever	 ﾠtraining	 ﾠat	 ﾠdifferent	 ﾠmovement	 ﾠspeed	 ﾠimposes	 ﾠ
different	 ﾠdemands	 ﾠon	 ﾠthe	 ﾠsystem	 ﾠ(Seidler	 ﾠet	 ﾠal.,	 ﾠ2004,	 ﾠShmuelof	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠMovements	 ﾠperformed	 ﾠ
in	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠrequire	 ﾠexplosive	 ﾠmovements	 ﾠwith	 ﾠhigh	 ﾠacceleration	 ﾠwhich	 ﾠhas	 ﾠbeen	 ﾠfound	 ﾠ
to	 ﾠbe	 ﾠprimarily	 ﾠreliant	 ﾠon	 ﾠthe	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠ(M1),	 ﾠthe	 ﾠcontralateral	 ﾠpremotor	 ﾠareas	 ﾠand	 ﾠthe	 ﾠ
basal	 ﾠganglia(Karni	 ﾠet	 ﾠal.,	 ﾠ1995,	 ﾠDesmurget	 ﾠand	 ﾠGrafton,	 ﾠ2000,	 ﾠShmuelof	 ﾠet	 ﾠal.,	 ﾠ2014)	 ﾠfor	 ﾠspecific	 ﾠskill	 ﾠ
learning	 ﾠparadigms	 ﾠ(Hardwick	 ﾠet	 ﾠal.,	 ﾠ2013,	 ﾠShmuelof	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠIn	 ﾠcontrast	 ﾠthe	 ﾠslow	 ﾠmovement	 ﾠ
training	 ﾠprobably	 ﾠincorporates	 ﾠa	 ﾠgreater	 ﾠamount	 ﾠof	 ﾠfeedback	 ﾠprocesses	 ﾠ(Seidler	 ﾠet	 ﾠal.,	 ﾠ2004),	 ﾠthe	 ﾠ
cerebellum,	 ﾠthalamus,	 ﾠcontralateral	 ﾠas	 ﾠwell	 ﾠas	 ﾠipsilateral	 ﾠsensorimotor	 ﾠcortex	 ﾠ{Buetefisch,	 ﾠ2014	 ﾠ#661	 ﾠ
and	 ﾠpotentially	 ﾠalso	 ﾠa	 ﾠmore	 ﾠcognitive	 ﾠstrategy	 ﾠ(Winstein	 ﾠet	 ﾠal.,	 ﾠ1997,	 ﾠBuetefisch	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ
Changes	 ﾠin	 ﾠareas	 ﾠof	 ﾠthe	 ﾠcentral	 ﾠnervous	 ﾠsystem,	 ﾠremote	 ﾠfrom	 ﾠM1	 ﾠcould	 ﾠexplain	 ﾠthe	 ﾠdifferential	 ﾠeffect	 ﾠ
in	 ﾠcontralateral	 ﾠactivation	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup.	 ﾠHowever	 ﾠthe	 ﾠresults	 ﾠof	 ﾠthis	 ﾠstudy	 ﾠare	 ﾠnot	 ﾠable	 ﾠ




slow	 ﾠtraining	 ﾠgroup	 ﾠbut	 ﾠrather	 ﾠa	 ﾠreduction	 ﾠof	 ﾠexcitability	 ﾠbut	 ﾠagain	 ﾠaltered	 ﾠactivation	 ﾠcould	 ﾠbe	 ﾠreliant	 ﾠ
on	 ﾠother	 ﾠareas	 ﾠthan	 ﾠM1,	 ﾠthe	 ﾠarea	 ﾠwe	 ﾠstimulated	 ﾠin	 ﾠthis	 ﾠparadigm.	 ﾠWhether	 ﾠthe	 ﾠmain	 ﾠlocus	 ﾠof	 ﾠthe	 ﾠ
change	 ﾠobserved	 ﾠwith	 ﾠstimulation	 ﾠis	 ﾠcortical,	 ﾠspinal	 ﾠor	 ﾠeven	 ﾠperipheral,	 ﾠis	 ﾠnot	 ﾠclear	 ﾠ(Hardwick	 ﾠet	 ﾠal.,	 ﾠ
2013).	 ﾠ
In	 ﾠsummary	 ﾠthese	 ﾠfindings	 ﾠsupport	 ﾠprevious	 ﾠfindings	 ﾠthat	 ﾠintact	 ﾠcorticospinal	 ﾠconnections	 ﾠ
from	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠare	 ﾠassociated	 ﾠwith	 ﾠgood	 ﾠperformance	 ﾠand	 ﾠrecovery	 ﾠin	 ﾠthis	 ﾠstroke	 ﾠ
population	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠAdditionally	 ﾠthere	 ﾠare	 ﾠtwo	 ﾠinteresting	 ﾠfinding.	 ﾠFirstly	 ﾠthat	 ﾠtraining	 ﾠat	 ﾠ
fast	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠhas	 ﾠdifferential	 ﾠeffects	 ﾠon	 ﾠthe	 ﾠresponse	 ﾠto	 ﾠtranscranial	 ﾠmagnetic	 ﾠ
stimulation	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠhemisphere.	 ﾠThis	 ﾠfinding	 ﾠmight	 ﾠbe	 ﾠrelated	 ﾠto	 ﾠthis	 ﾠspecific	 ﾠtraining	 ﾠregime	 ﾠ
where	 ﾠwe	 ﾠalleviate	 ﾠindividuals’	 ﾠmovement	 ﾠdifficulties	 ﾠin	 ﾠan	 ﾠanti-ﾭ‐gravity	 ﾠsystem.	 ﾠIpsilateral	 ﾠ
projections	 ﾠmight	 ﾠbe	 ﾠmore	 ﾠrelated	 ﾠto	 ﾠunsupported	 ﾠreaches	 ﾠinvolving	 ﾠfunctions	 ﾠof	 ﾠpostural	 ﾠcontrol.	 ﾠ
By	 ﾠsupporting	 ﾠthe	 ﾠarm	 ﾠwe	 ﾠmight	 ﾠpreferentially	 ﾠtarget	 ﾠthe	 ﾠCST	 ﾠand	 ﾠtherefore	 ﾠsee	 ﾠchanges	 ﾠin	 ﾠAC	 ﾠ
projections	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠM1.	 ﾠSecondly,	 ﾠUI	 ﾠresponses	 ﾠare	 ﾠmore	 ﾠcommon	 ﾠafter	 ﾠstroke	 ﾠbut	 ﾠ
they	 ﾠare	 ﾠnot	 ﾠcorrelated	 ﾠto	 ﾠfunction.	 ﾠWhy	 ﾠthese	 ﾠipsilateral	 ﾠpathways	 ﾠare	 ﾠup-ﾭ‐regulated	 ﾠis	 ﾠtherefore	 ﾠ
intriguing?	 ﾠMultiple	 ﾠstudies	 ﾠshow	 ﾠincreased	 ﾠactivity	 ﾠin	 ﾠremote	 ﾠbrain	 ﾠregions,	 ﾠbut	 ﾠtheir	 ﾠfunctional	 ﾠ
contribution	 ﾠto	 ﾠrecovery	 ﾠhas	 ﾠnot	 ﾠbeen	 ﾠestablished	 ﾠ(Bosnell	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠBradnam	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠ
Recent	 ﾠstudies	 ﾠin	 ﾠhumans	 ﾠand	 ﾠin	 ﾠmonkeys	 ﾠpropose	 ﾠthat	 ﾠthese	 ﾠconnections	 ﾠcould	 ﾠbe	 ﾠreticulsospinal	 ﾠ
pathways	 ﾠand	 ﾠthat	 ﾠthey	 ﾠmight	 ﾠcontribute	 ﾠto	 ﾠfunctional	 ﾠrecovery	 ﾠof	 ﾠthe	 ﾠmore	 ﾠseverely	 ﾠaffected	 ﾠ
individuals	 ﾠ(Bradnam	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠFisher	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠZaaimi	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠIn	 ﾠthe	 ﾠchronic	 ﾠphase,	 ﾠas	 ﾠin	 ﾠ
our	 ﾠexperiment,	 ﾠthese	 ﾠpathways	 ﾠhave	 ﾠbeen	 ﾠestablished	 ﾠand	 ﾠthe	 ﾠfunctional	 ﾠcontribution	 ﾠin	 ﾠmore	 ﾠ
severely	 ﾠaffected	 ﾠindividuals	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠtease	 ﾠapart.	 ﾠFurthermore	 ﾠthe	 ﾠevolution	 ﾠof	 ﾠthese	 ﾠpathways	 ﾠ
after	 ﾠthe	 ﾠstroke	 ﾠin	 ﾠnot	 ﾠknown	 ﾠ(Misawa	 ﾠet	 ﾠal.,	 ﾠ2008).	 ﾠHowever,	 ﾠduring	 ﾠthe	 ﾠacute	 ﾠperiod	 ﾠafter	 ﾠstroke,	 ﾠ
when	 ﾠthese	 ﾠpathways	 ﾠare	 ﾠup-ﾭ‐regulated	 ﾠand	 ﾠpotentially	 ﾠplastic	 ﾠ(Dancause	 ﾠet	 ﾠal.,	 ﾠ2005,	 ﾠKrakauer	 ﾠet	 ﾠal.,	 ﾠ
2012)	 ﾠinterventions	 ﾠdesigned	 ﾠto	 ﾠharness	 ﾠthese	 ﾠpathways	 ﾠmight	 ﾠbe	 ﾠfunctionally	 ﾠbeneficial.	 ﾠ	 ﾠ





7. EMG ﾠactivation ﾠ
patterns ﾠduring ﾠreaching ﾠ
in ﾠstroke ﾠ




7.1.  Introduction	 ﾠ
Functional	 ﾠlimitations	 ﾠafter	 ﾠstroke	 ﾠare	 ﾠcaused	 ﾠby	 ﾠa	 ﾠhost	 ﾠof	 ﾠimpairments	 ﾠdue	 ﾠto	 ﾠinterrupted	 ﾠor	 ﾠ
altered	 ﾠcorticospinal	 ﾠdrive.	 ﾠMuscle	 ﾠweakness	 ﾠis	 ﾠa	 ﾠmajor	 ﾠcontributing	 ﾠfactor	 ﾠof	 ﾠlimited	 ﾠfunction	 ﾠ
(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠHowever,	 ﾠmuscle	 ﾠweakness	 ﾠand	 ﾠimpaired	 ﾠmuscle	 ﾠactivation	 ﾠis	 ﾠnot	 ﾠonly	 ﾠdue	 ﾠ
to	 ﾠa	 ﾠdecreased	 ﾠability	 ﾠto	 ﾠrecruit	 ﾠmotor	 ﾠunits	 ﾠbut	 ﾠalso	 ﾠdue	 ﾠto	 ﾠa	 ﾠnumber	 ﾠof	 ﾠother	 ﾠfactors	 ﾠincluding	 ﾠan	 ﾠ
altered	 ﾠsynchronisation	 ﾠof	 ﾠmuscle	 ﾠactivation	 ﾠ(Dewald	 ﾠet	 ﾠal.,	 ﾠ2001).	 ﾠ
	 ﾠThe	 ﾠtemporal	 ﾠevolution	 ﾠof	 ﾠmuscle	 ﾠactivation	 ﾠespecially	 ﾠin	 ﾠrelation	 ﾠto	 ﾠagonist/antagonist	 ﾠ
pairs	 ﾠis	 ﾠaltered	 ﾠafter	 ﾠstroke	 ﾠ(Wagner	 ﾠet	 ﾠal.,	 ﾠ2007)	 ﾠand	 ﾠa	 ﾠreduction	 ﾠof	 ﾠmuscle	 ﾠindividuation	 ﾠcan	 ﾠbe	 ﾠ
observed	 ﾠfrequently	 ﾠresulting	 ﾠin	 ﾠmass	 ﾠactivation	 ﾠor	 ﾠco-ﾭ‐contraction	 ﾠ(Dewald	 ﾠet	 ﾠal.,	 ﾠ1995,	 ﾠLevin,	 ﾠ1996,	 ﾠ
Chae	 ﾠet	 ﾠal.,	 ﾠ2002).	 ﾠThe	 ﾠbalance	 ﾠof	 ﾠactivity	 ﾠwithin	 ﾠforce	 ﾠcouples	 ﾠis	 ﾠat	 ﾠleast	 ﾠas	 ﾠimportant	 ﾠfor	 ﾠnormal	 ﾠ
function	 ﾠas	 ﾠstrength	 ﾠalone.	 ﾠThe	 ﾠabnormal	 ﾠactivation	 ﾠis	 ﾠtypically	 ﾠmanifested	 ﾠby	 ﾠcoupling	 ﾠof	 ﾠelbow	 ﾠ
flexion	 ﾠwith	 ﾠshoulder	 ﾠabduction,	 ﾠextension	 ﾠand	 ﾠrotation	 ﾠand	 ﾠto	 ﾠa	 ﾠlesser	 ﾠdegree	 ﾠelbow	 ﾠextension	 ﾠwith	 ﾠ
shoulder	 ﾠadduction-ﾭ‐flexion	 ﾠand	 ﾠinternal	 ﾠrotation	 ﾠ(Twitchell,	 ﾠ1951,	 ﾠBeer	 ﾠet	 ﾠal.,	 ﾠ1999).	 ﾠ	 ﾠThese	 ﾠ
alterations	 ﾠin	 ﾠmuscle	 ﾠactivity	 ﾠpatterns	 ﾠhave	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠcontribute	 ﾠto	 ﾠand	 ﾠare	 ﾠan	 ﾠindicator	 ﾠof	 ﾠ
motor	 ﾠimpairment	 ﾠand	 ﾠdifficulties	 ﾠin	 ﾠreaching	 ﾠ(Milot	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠA	 ﾠfurther	 ﾠchange	 ﾠin	 ﾠmuscle	 ﾠactivity	 ﾠ
patterns	 ﾠis	 ﾠobserved	 ﾠwhen	 ﾠmuscle	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠweak	 ﾠmuscle	 ﾠis	 ﾠsaturated	 ﾠand	 ﾠadditional	 ﾠmuscles,	 ﾠ
not	 ﾠnormally	 ﾠinvolved	 ﾠin	 ﾠthe	 ﾠspecific	 ﾠmovement,	 ﾠare	 ﾠrecruited	 ﾠin	 ﾠan	 ﾠattempt	 ﾠto	 ﾠovercome	 ﾠthe	 ﾠ
inability	 ﾠto	 ﾠperform	 ﾠa	 ﾠtask	 ﾠ(McCrea	 ﾠet	 ﾠal.,	 ﾠ2005).	 ﾠ
Another	 ﾠcontributing	 ﾠfactor	 ﾠto	 ﾠalterations	 ﾠin	 ﾠthe	 ﾠmuscle	 ﾠsynergy	 ﾠafter	 ﾠstroke	 ﾠis	 ﾠa	 ﾠchange	 ﾠto	 ﾠ
the	 ﾠinvoluntary	 ﾠstretch	 ﾠreflexes,	 ﾠmanifested	 ﾠas	 ﾠspasticity	 ﾠ(Pandyan	 ﾠet	 ﾠal.,	 ﾠ2005).	 ﾠ	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠ
spasticity	 ﾠon	 ﾠfunctional	 ﾠimpairments	 ﾠhas	 ﾠnot	 ﾠbeen	 ﾠdemonstrated	 ﾠequivocally	 ﾠ(Sorinola	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠ
Spasticity,	 ﾠmeasured	 ﾠas	 ﾠan	 ﾠincreased	 ﾠstretch	 ﾠreflex	 ﾠduring	 ﾠmovement,	 ﾠhas	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠbe	 ﾠ
correlated	 ﾠto	 ﾠimpairment	 ﾠ(Trumbower	 ﾠet	 ﾠal.,	 ﾠ2010)	 ﾠalthough	 ﾠother	 ﾠstudies	 ﾠmaintain	 ﾠthat	 ﾠspasticity	 ﾠ
does	 ﾠnot	 ﾠinfluence	 ﾠreaching	 ﾠability	 ﾠor	 ﾠperformance	 ﾠ(Gowland	 ﾠet	 ﾠal.,	 ﾠ1992,	 ﾠWilson	 ﾠet	 ﾠal.,	 ﾠ1999,	 ﾠ




	 ﾠ Electromyography	 ﾠhas	 ﾠbeen	 ﾠused	 ﾠto	 ﾠdetect	 ﾠthe	 ﾠalterations	 ﾠin	 ﾠmuscle	 ﾠactivity	 ﾠ
patterns	 ﾠdue	 ﾠto	 ﾠstroke	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠRoh	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠDuring	 ﾠfast	 ﾠmovements	 ﾠin	 ﾠhealthy	 ﾠ
individuals,	 ﾠEMG	 ﾠactivity	 ﾠoccurs	 ﾠin	 ﾠa	 ﾠtri-ﾭ‐phasic	 ﾠpattern	 ﾠconsisting	 ﾠof	 ﾠan	 ﾠinitial	 ﾠagonist	 ﾠburst	 ﾠfor	 ﾠ
movement	 ﾠinitiation,	 ﾠfollowed	 ﾠby	 ﾠan	 ﾠantagonist	 ﾠburst	 ﾠto	 ﾠbrake	 ﾠthe	 ﾠmovement	 ﾠand	 ﾠa	 ﾠfinal	 ﾠagonist	 ﾠ
burst	 ﾠto	 ﾠassist	 ﾠin	 ﾠendpoint	 ﾠaccuracy	 ﾠcontrol	 ﾠ(Basmajian,	 ﾠ1967).	 ﾠThis	 ﾠpattern	 ﾠis	 ﾠdisrupted	 ﾠafter	 ﾠ
corticospinal	 ﾠdamage	 ﾠ(Gowland	 ﾠet	 ﾠal.,	 ﾠ1992)	 ﾠand	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠproposed	 ﾠthat	 ﾠchanges	 ﾠin	 ﾠthis	 ﾠpattern	 ﾠ
can	 ﾠbe	 ﾠused	 ﾠas	 ﾠa	 ﾠmarker	 ﾠof	 ﾠcorticospinal	 ﾠdamage	 ﾠand	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠneural	 ﾠfunction,	 ﾠsensitive	 ﾠto	 ﾠ
change	 ﾠinduced	 ﾠby	 ﾠrehabilitation	 ﾠ(Ellis	 ﾠet	 ﾠal.,	 ﾠ2005,	 ﾠWagner	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠSafavynia	 ﾠ
et	 ﾠal.,	 ﾠ2011,	 ﾠCheung	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠTropea	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠChanges	 ﾠinduced	 ﾠby	 ﾠtraining	 ﾠcan	 ﾠinclude	 ﾠearlier	 ﾠ
and	 ﾠgreater	 ﾠinitial	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠagonist,	 ﾠincreased	 ﾠratio	 ﾠof	 ﾠthe	 ﾠagonist/antagonist	 ﾠactivation	 ﾠratio,	 ﾠ
increased	 ﾠmaximal	 ﾠactivation	 ﾠand	 ﾠincrease	 ﾠrate	 ﾠof	 ﾠforce	 ﾠproduction	 ﾠ(Aagaard	 ﾠet	 ﾠal.,	 ﾠ2002,	 ﾠWagner	 ﾠet	 ﾠ
al.,	 ﾠ2007).	 ﾠ	 ﾠ
I	 ﾠhere	 ﾠinvestigated	 ﾠif	 ﾠEMG	 ﾠactivity	 ﾠpatterns	 ﾠduring	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠfast	 ﾠreaching	 ﾠtask	 ﾠ
could	 ﾠbe	 ﾠused	 ﾠto	 ﾠdetect	 ﾠa	 ﾠnumber	 ﾠof	 ﾠfeatures.	 ﾠ1.)	 ﾠI	 ﾠhypothesised	 ﾠthat	 ﾠwe	 ﾠwould	 ﾠobserve	 ﾠa	 ﾠ
disturbance	 ﾠin	 ﾠthe	 ﾠtemporal	 ﾠevolution	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠand	 ﾠamount	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠin	 ﾠregards	 ﾠto	 ﾠ
the	 ﾠtricpes	 ﾠbrachii	 ﾠto	 ﾠbiceps	 ﾠbrachii	 ﾠactivation	 ﾠratio.	 ﾠ2.)	 ﾠI	 ﾠfurther	 ﾠhypothesised	 ﾠthat	 ﾠabnormal	 ﾠEMG	 ﾠ
activity	 ﾠcould	 ﾠbe	 ﾠused	 ﾠas	 ﾠa	 ﾠmarker	 ﾠof	 ﾠimpairment	 ﾠin	 ﾠthis	 ﾠset	 ﾠof	 ﾠparticipants	 ﾠin	 ﾠthe	 ﾠreach	 ﾠtraining	 ﾠ
paradigm.	 ﾠAnd	 ﾠ3.)	 ﾠI	 ﾠhypothesised	 ﾠthat	 ﾠtraining	 ﾠperformed	 ﾠat	 ﾠthe	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠwould	 ﾠalter	 ﾠ
this	 ﾠpattern	 ﾠmore	 ﾠthan	 ﾠwould	 ﾠbe	 ﾠobserved	 ﾠat	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠtraining	 ﾠ(Basmajian,	 ﾠ1967,	 ﾠ
Gabriel,	 ﾠ1997). ﾠ ﾠ




7.2.  Materials ﾠand ﾠMethods	 ﾠ
See	 ﾠchapter	 ﾠ3	 ﾠfor	 ﾠfull	 ﾠdetails	 ﾠof	 ﾠpatients	 ﾠsample	 ﾠand	 ﾠtesting	 ﾠprocedure.	 ﾠ
7.2.1. Patient ﾠsample ﾠ
Of	 ﾠthe	 ﾠ37	 ﾠparticipants	 ﾠin	 ﾠthe	 ﾠreaching	 ﾠstudy	 ﾠ19	 ﾠindividuals	 ﾠwere	 ﾠeligible	 ﾠfor	 ﾠand	 ﾠagreed	 ﾠto	 ﾠ
have	 ﾠtranscranial	 ﾠmagnetic	 ﾠstimulation	 ﾠ(TMS).	 ﾠThis	 ﾠsample	 ﾠwas	 ﾠinvestigated	 ﾠfor	 ﾠcorticospinal	 ﾠ
connectivity	 ﾠand	 ﾠadditionally	 ﾠfor	 ﾠthe	 ﾠEMG	 ﾠactivity	 ﾠduring	 ﾠreaching	 ﾠmovements.	 ﾠInspection	 ﾠof	 ﾠdata	 ﾠ
revealed	 ﾠmissing	 ﾠtraces	 ﾠin	 ﾠone	 ﾠindividual	 ﾠand	 ﾠtheir	 ﾠdata	 ﾠtherefore	 ﾠhad	 ﾠto	 ﾠbe	 ﾠexcluded	 ﾠfrom	 ﾠfurther	 ﾠ
analysis.	 ﾠThe	 ﾠremaining	 ﾠsample	 ﾠconsisted	 ﾠof	 ﾠtwo	 ﾠgroups,	 ﾠ9	 ﾠstroke	 ﾠsurvivors	 ﾠperforming	 ﾠtraining	 ﾠat	 ﾠ
the	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠand	 ﾠ9	 ﾠat	 ﾠthe	 ﾠslow	 ﾠmovement	 ﾠspeed.	 ﾠ(See	 ﾠtable	 ﾠ5.1).	 ﾠ
7.2.2. EMG ﾠrecording ﾠ
EMG	 ﾠactivity	 ﾠwas	 ﾠmeasured	 ﾠduring	 ﾠthe	 ﾠtesting	 ﾠday	 ﾠfor	 ﾠboth	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠthe	 ﾠunaffected	 ﾠ
upper	 ﾠlimb.	 ﾠSampling	 ﾠwas	 ﾠperformed	 ﾠwhile	 ﾠestablishing	 ﾠmovement	 ﾠaccuracy	 ﾠat	 ﾠthe	 ﾠfast	 ﾠmovement	 ﾠ
speed.	 ﾠI	 ﾠonly	 ﾠanalyzed	 ﾠthe	 ﾠactivity	 ﾠduring	 ﾠfast	 ﾠcontractions	 ﾠbecause	 ﾠEMG	 ﾠsignals	 ﾠhave	 ﾠlimited	 ﾠuse	 ﾠin	 ﾠ
analyzing	 ﾠcontractions	 ﾠof	 ﾠslow	 ﾠmuscle	 ﾠfibers	 ﾠ(Basmajian,	 ﾠ1967,	 ﾠLoeb,	 ﾠ1986)	 ﾠas	 ﾠconfirmed	 ﾠin	 ﾠthe	 ﾠvery	 ﾠ
small	 ﾠsignal	 ﾠsize	 ﾠin	 ﾠour	 ﾠslow	 ﾠmovement	 ﾠcondition.	 ﾠThe	 ﾠmeasurement	 ﾠwas	 ﾠrepeated	 ﾠfor	 ﾠthe	 ﾠaffected	 ﾠ
upper	 ﾠlimb	 ﾠon	 ﾠthe	 ﾠpost	 ﾠtraining	 ﾠtest	 ﾠday.	 ﾠEMG	 ﾠactivity	 ﾠwas	 ﾠmeasured	 ﾠfrom	 ﾠ800ms	 ﾠbefore	 ﾠto	 ﾠ2200ms	 ﾠ
after	 ﾠmovement	 ﾠonset.	 ﾠEMG	 ﾠactivation	 ﾠwas	 ﾠcompared	 ﾠon	 ﾠa	 ﾠsubject-ﾭ‐by-ﾭ‐subject	 ﾠbasis	 ﾠbetween	 ﾠthe	 ﾠ
affected	 ﾠand	 ﾠthe	 ﾠunaffected	 ﾠarm	 ﾠor	 ﾠbetween	 ﾠpre	 ﾠand	 ﾠpost-ﾭ‐training	 ﾠactivation	 ﾠprofiles.	 ﾠStroke	 ﾠ
patients	 ﾠalso	 ﾠperformed	 ﾠa	 ﾠset	 ﾠof	 ﾠreaches	 ﾠwith	 ﾠtheir	 ﾠunaffected	 ﾠarm	 ﾠat	 ﾠtheir	 ﾠindividually	 ﾠdetermined	 ﾠ
slow	 ﾠand	 ﾠfast	 ﾠmovement	 ﾠspeed,	 ﾠwith	 ﾠEMG	 ﾠmonitoring,	 ﾠto	 ﾠbe	 ﾠused	 ﾠas	 ﾠcontrol	 ﾠfor	 ﾠthe	 ﾠEMG	 ﾠtraces	 ﾠof	 ﾠ
the	 ﾠaffected	 ﾠupper	 ﾠlimb.	 ﾠ
EMG	 ﾠwas	 ﾠrecorded	 ﾠwith	 ﾠself-ﾭ‐adhesive	 ﾠAG/AgCl	 ﾠelectrodes	 ﾠ(Skintact®)	 ﾠplaced	 ﾠover	 ﾠthe	 ﾠmuscle	 ﾠ
belly	 ﾠof	 ﾠbilateral	 ﾠbiceps	 ﾠbrachii,	 ﾠtriceps	 ﾠbrachii	 ﾠ(lateral	 ﾠhead).	 ﾠThe	 ﾠelectrodes	 ﾠwere	 ﾠpositioned	 ﾠin-ﾭ‐line	 ﾠ
with	 ﾠthe	 ﾠmuscle	 ﾠfibres	 ﾠ~2cm	 ﾠapart	 ﾠafter	 ﾠskin	 ﾠimpedance	 ﾠwas	 ﾠreduced	 ﾠby	 ﾠcleaning	 ﾠthe	 ﾠskin	 ﾠand	 ﾠusing	 ﾠ
an	 ﾠabrasive	 ﾠscrub	 ﾠ(Nuprep	 ﾠSkin	 ﾠPrep	 ﾠGel,	 ﾠWeaver	 ﾠand	 ﾠCompany,	 ﾠUSA)	 ﾠin	 ﾠaccordance	 ﾠto	 ﾠSENIAM	 ﾠEMG	 ﾠ




(Kendall	 ﾠMcCreary	 ﾠet	 ﾠal.,	 ﾠ2010)	 ﾠwhere	 ﾠfollowed	 ﾠto	 ﾠensure	 ﾠcorrect	 ﾠelectrode	 ﾠplacement	 ﾠand	 ﾠverified	 ﾠ
by	 ﾠinspecting	 ﾠthe	 ﾠEMG	 ﾠactivity.	 ﾠThe	 ﾠcathode	 ﾠwas	 ﾠalways	 ﾠplaced	 ﾠproximally	 ﾠand	 ﾠthe	 ﾠanode	 ﾠdistally	 ﾠ
over	 ﾠthe	 ﾠmuscle	 ﾠbelly	 ﾠ(Loeb,	 ﾠ1986).	 ﾠThe	 ﾠreference	 ﾠelectrode	 ﾠwas	 ﾠplaced	 ﾠover	 ﾠthe	 ﾠbony	 ﾠprominence	 ﾠof	 ﾠ
either	 ﾠthe	 ﾠacromio-ﾭ‐clavicular	 ﾠjoint	 ﾠor	 ﾠthe	 ﾠclavicle	 ﾠ(Hermens	 ﾠet	 ﾠal.,	 ﾠ2000).	 ﾠ	 ﾠ
EMG	 ﾠsignals	 ﾠwere	 ﾠamplified	 ﾠand	 ﾠfiltered	 ﾠ(20	 ﾠHz	 ﾠto	 ﾠ1kHz)	 ﾠwith	 ﾠa	 ﾠD360	 ﾠamplifier	 ﾠ(Digitimer	 ﾠ
Limited	 ﾠWelwyn	 ﾠGarden	 ﾠCity,	 ﾠUK).	 ﾠThe	 ﾠsignals	 ﾠwere	 ﾠsampled	 ﾠat	 ﾠ5	 ﾠkHz	 ﾠand	 ﾠdigitised	 ﾠusing	 ﾠa	 ﾠlaboratory	 ﾠ
interface	 ﾠ(Power	 ﾠ1401,	 ﾠCambridge	 ﾠElectronics	 ﾠDesign	 ﾠ(CED),	 ﾠCambridge,	 ﾠUK)	 ﾠand	 ﾠstored	 ﾠon	 ﾠa	 ﾠ
personal	 ﾠcomputer	 ﾠfor	 ﾠdisplay	 ﾠand	 ﾠoff-ﾭ‐line	 ﾠdata	 ﾠanalysis.	 ﾠ	 ﾠ
For	 ﾠmuscle	 ﾠactivation	 ﾠpattern	 ﾠanalysis	 ﾠeach	 ﾠsampling	 ﾠepoch	 ﾠwas	 ﾠinitiated	 ﾠby	 ﾠa	 ﾠdigital	 ﾠoutput	 ﾠ
generated	 ﾠby	 ﾠthe	 ﾠC++	 ﾠprogram	 ﾠwhen	 ﾠreaching	 ﾠmovement	 ﾠwas	 ﾠinitiated	 ﾠand	 ﾠconsisted	 ﾠof	 ﾠa	 ﾠ3000ms	 ﾠ
sampling	 ﾠwindow,	 ﾠof	 ﾠwhich	 ﾠ800ms	 ﾠsampled	 ﾠthe	 ﾠpre-ﾭ‐activation	 ﾠperiod.	 ﾠ	 ﾠ
7.2.3. EMG ﾠanalysis ﾠfor ﾠmuscle ﾠactivation ﾠpatterns ﾠ
For	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠI	 ﾠextracted	 ﾠthe	 ﾠonset	 ﾠof	 ﾠmuscle	 ﾠactivity,	 ﾠmean	 ﾠrectified	 ﾠ
activity	 ﾠand	 ﾠmaximum	 ﾠEMG	 ﾠamplitude	 ﾠ(Aagaard	 ﾠet	 ﾠal.,	 ﾠ2002)	 ﾠbetween	 ﾠthe	 ﾠonset	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠ
and	 ﾠthe	 ﾠtime	 ﾠwhen	 ﾠmovement	 ﾠwas	 ﾠterminated	 ﾠ(activity	 ﾠoffset).	 ﾠA	 ﾠcustom	 ﾠwritten	 ﾠSignal	 ﾠScript	 ﾠwas	 ﾠ
used	 ﾠto	 ﾠdetect	 ﾠactivity	 ﾠevents	 ﾠand	 ﾠeach	 ﾠtrace	 ﾠwas	 ﾠvisually	 ﾠinspected	 ﾠto	 ﾠconfirm	 ﾠcorrect	 ﾠidentification	 ﾠ
of	 ﾠevents.	 ﾠ	 ﾠ
The	 ﾠonset	 ﾠof	 ﾠEMG	 ﾠactivity	 ﾠwas	 ﾠdefined	 ﾠas	 ﾠthe	 ﾠtime	 ﾠpoint	 ﾠwhen	 ﾠEMG	 ﾠactivity	 ﾠincreased	 ﾠto	 ﾠa	 ﾠ
level	 ﾠof	 ﾠtwo	 ﾠtimes	 ﾠthe	 ﾠstandard	 ﾠdeviation	 ﾠof	 ﾠthe	 ﾠbaseline	 ﾠand	 ﾠthe	 ﾠoffset	 ﾠwhere	 ﾠthe	 ﾠactivity	 ﾠdecreased	 ﾠ
below	 ﾠthis	 ﾠlevel	 ﾠagain	 ﾠafter	 ﾠactivation	 ﾠ(Dewald	 ﾠet	 ﾠal.,	 ﾠ1995).	 ﾠ
There	 ﾠare	 ﾠlimitations	 ﾠto	 ﾠthe	 ﾠanalysis	 ﾠwe	 ﾠhave	 ﾠperformed	 ﾠhere.	 ﾠThe	 ﾠvalue	 ﾠof	 ﾠthe	 ﾠEMG	 ﾠdata	 ﾠ
could	 ﾠhave	 ﾠbeen	 ﾠimproved	 ﾠby	 ﾠrecording	 ﾠand	 ﾠanalysing	 ﾠEMG	 ﾠactivity	 ﾠonset,	 ﾠoffset	 ﾠand	 ﾠpeak	 ﾠactivity	 ﾠ
for	 ﾠeach	 ﾠactivity	 ﾠburst	 ﾠ(Wickham	 ﾠand	 ﾠBrown,	 ﾠ2012).	 ﾠThe	 ﾠrelationship	 ﾠof	 ﾠthese	 ﾠmeasures	 ﾠto	 ﾠthe	 ﾠonset	 ﾠ




activation	 ﾠof	 ﾠmovement	 ﾠor	 ﾠ2	 ﾠSD	 ﾠof	 ﾠpre-ﾭ‐activation	 ﾠEMG).	 ﾠThe	 ﾠagonist	 ﾠ(biceps)	 ﾠand	 ﾠantagonist	 ﾠ(triceps)	 ﾠ
muscle	 ﾠevents	 ﾠand	 ﾠhow	 ﾠeach	 ﾠof	 ﾠthese	 ﾠphases	 ﾠrelates	 ﾠto	 ﾠpeak	 ﾠdisplacement,	 ﾠpeak	 ﾠacceleration	 ﾠand	 ﾠ
peak	 ﾠvelocity	 ﾠwould	 ﾠprovide	 ﾠinsight	 ﾠinto	 ﾠthe	 ﾠtri-ﾭ‐phasic	 ﾠactivation	 ﾠand	 ﾠthe	 ﾠrelevance	 ﾠof	 ﾠeach	 ﾠmuscles	 ﾠ
contribution	 ﾠto	 ﾠthe	 ﾠmovement	 ﾠonset,	 ﾠperformance	 ﾠand	 ﾠtermination.	 ﾠ	 ﾠ
However	 ﾠa	 ﾠnumber	 ﾠof	 ﾠindividuals	 ﾠpresented	 ﾠwith	 ﾠmass	 ﾠactivation	 ﾠpatterns	 ﾠwhere	 ﾠall	 ﾠmuscles	 ﾠ
were	 ﾠactivated	 ﾠtogether	 ﾠand	 ﾠno	 ﾠtri-ﾭ‐phasic	 ﾠactivity	 ﾠwas	 ﾠobserved	 ﾠ(Example	 ﾠtrace	 ﾠFig	 ﾠ7.1).	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ7.1.	 ﾠExample	 ﾠof	 ﾠa	 ﾠraw	 ﾠ(A)	 ﾠand	 ﾠfiltered	 ﾠ(B)	 ﾠEMG	 ﾠdata	 ﾠtrace	 ﾠof	 ﾠa	 ﾠsingle	 ﾠmovement	 ﾠ	 ﾠ
demonstrating	 ﾠmass	 ﾠactivation	 ﾠwith	 ﾠno	 ﾠdiscernible	 ﾠtri-ﾭ‐phasic	 ﾠactivation.	 ﾠVertical	 ﾠcursor	 ﾠat	 ﾠ0s	 ﾠ
indicates	 ﾠonset	 ﾠof	 ﾠmovement	 ﾠand	 ﾠsecond	 ﾠcursor	 ﾠindicates	 ﾠend	 ﾠof	 ﾠmovement	 ﾠlimit.	 ﾠ	 ﾠ	 ﾠ
 ﾠ
Additionally	 ﾠa	 ﾠmovement	 ﾠactivity	 ﾠoffset	 ﾠwas	 ﾠdifficult	 ﾠto	 ﾠdetect	 ﾠin	 ﾠmany	 ﾠindividuals	 ﾠ(Fig	 ﾠ	 ﾠ7.2).	 ﾠ	 ﾠ
	 ﾠ 	 ﾠ
A ﾠ  ﾠ  ﾠ  ﾠ  ﾠ  ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠ ﾠB





Figure	 ﾠ7.2.	 ﾠExample	 ﾠof	 ﾠa	 ﾠraw(A)	 ﾠand	 ﾠfiltered(B)	 ﾠEMG	 ﾠdata	 ﾠof	 ﾠa	 ﾠsingle	 ﾠreaching	 ﾠmovement	 ﾠ
demonstrating	 ﾠno	 ﾠoffset	 ﾠand	 ﾠtriceps	 ﾠmovement	 ﾠactivity.	 ﾠReaching	 ﾠmovement	 ﾠstarted	 ﾠat	 ﾠ0s	 ﾠ
(cursor	 ﾠ1)	 ﾠand	 ﾠterminated	 ﾠbefore	 ﾠthe	 ﾠmovement	 ﾠlimit	 ﾠset	 ﾠat	 ﾠ700ms	 ﾠ(cursor	 ﾠ2)	 ﾠbut	 ﾠtriceps	 ﾠ
activity	 ﾠwas	 ﾠsustained	 ﾠafter	 ﾠthe	 ﾠmovement	 ﾠwas	 ﾠcompleted.	 ﾠ
 ﾠ
Therefore	 ﾠthe	 ﾠpresence	 ﾠand	 ﾠalterations	 ﾠto	 ﾠtri-ﾭ‐phasic	 ﾠactivation	 ﾠpatterns	 ﾠwas	 ﾠnot	 ﾠexplored	 ﾠin	 ﾠ
this	 ﾠanalysis.	 ﾠThe	 ﾠmain	 ﾠmeasure	 ﾠexplored	 ﾠby	 ﾠthe	 ﾠEMG	 ﾠanalysis	 ﾠwas	 ﾠto	 ﾠsee	 ﾠif	 ﾠwe	 ﾠcould	 ﾠobserve	 ﾠ
abnormalities	 ﾠin	 ﾠtriceps	 ﾠand	 ﾠbiceps	 ﾠactivation,	 ﾠwhich	 ﾠwould	 ﾠhighlight	 ﾠmass-ﾭ‐activation	 ﾠpatterns	 ﾠas	 ﾠ
well	 ﾠas	 ﾠover-ﾭ‐activity	 ﾠpresumably	 ﾠdue	 ﾠto	 ﾠspasticity.	 ﾠWe	 ﾠfurther	 ﾠanalysed	 ﾠthe	 ﾠmean	 ﾠactivation	 ﾠto	 ﾠ
establish	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠtraining	 ﾠon	 ﾠthis	 ﾠmeasure.	 ﾠ	 ﾠ
Additional	 ﾠparameters	 ﾠwere	 ﾠcomputed	 ﾠto	 ﾠdefine	 ﾠthe	 ﾠratio	 ﾠbetween	 ﾠtriceps	 ﾠand	 ﾠbiceps	 ﾠ
activation	 ﾠand	 ﾠthe	 ﾠrelationship	 ﾠof	 ﾠmaximal	 ﾠto	 ﾠmean	 ﾠbiceps	 ﾠactivation.	 ﾠ
𝑅𝑎𝑡𝑖𝑜 ﾠ
   
   =
     ﾠ        (  )(       )
     ﾠ        (  )(      )	 ﾠ	 ﾠ (Chae	 ﾠet	 ﾠal.,	 ﾠ2002,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2009)	 ﾠ
   
        =
             ﾠ(  )
     ﾠ         ﾠ(  )	 ﾠ 	 ﾠ 	 ﾠ (Wagner	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2009)	 ﾠ	 ﾠ
Normality	 ﾠof	 ﾠdistribution	 ﾠwas	 ﾠassessed	 ﾠusing	 ﾠKolmogorov	 ﾠSmirnov	 ﾠtest	 ﾠof	 ﾠhomogeneity.	 ﾠIn	 ﾠ
the	 ﾠcase	 ﾠof	 ﾠnon-ﾭ‐normal	 ﾠdistribution	 ﾠdata	 ﾠwere	 ﾠlog	 ﾠtransformed	 ﾠand	 ﾠthis	 ﾠis	 ﾠreported	 ﾠin	 ﾠthe	 ﾠtext.	 ﾠ
Actual	 ﾠmeasures	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠare	 ﾠdepicted	 ﾠin	 ﾠthe	 ﾠgraphs.	 ﾠ
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Statistical	 ﾠanalysis	 ﾠwas	 ﾠperformed	 ﾠby	 ﾠ2	 ﾠway	 ﾠrepeated	 ﾠmeasures	 ﾠANOVA	 ﾠinvestigating	 ﾠthe	 ﾠ
differences	 ﾠbetween	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠunaffected	 ﾠ(SIDE(2))	 ﾠbiceps	 ﾠand	 ﾠtriceps	 ﾠmuscle	 ﾠ(MUSCLE(2))	 ﾠ
activation	 ﾠ.	 ﾠI	 ﾠalso	 ﾠanalyzed	 ﾠchange	 ﾠof	 ﾠbiceps	 ﾠand	 ﾠtriceps	 ﾠactivation	 ﾠpatterns	 ﾠ(Muscle(2))	 ﾠdue	 ﾠto	 ﾠ
training	 ﾠTIME(2)	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠprotocols	 ﾠ(GROUP(2))	 ﾠin	 ﾠa	 ﾠ3wrmANOVA.	 ﾠCorrelation	 ﾠof	 ﾠ
muscle	 ﾠactivation	 ﾠpattern	 ﾠwith	 ﾠbaseline	 ﾠperformance	 ﾠand	 ﾠclinical	 ﾠimpairment	 ﾠlevel	 ﾠwas	 ﾠinvestigated	 ﾠ
on	 ﾠa	 ﾠsubject-ﾭ‐by-ﾭ‐subject	 ﾠbasis	 ﾠby	 ﾠPearson’s	 ﾠ(for	 ﾠparametric	 ﾠmeasures)	 ﾠand	 ﾠSpearman	 ﾠcorrelations	 ﾠ(for	 ﾠ
non-ﾭ‐parametric;	 ﾠFugl-ﾭ‐Meyer	 ﾠscores)	 ﾠand	 ﾠthe	 ﾠr-ﾭ‐	 ﾠand	 ﾠrho-ﾭ‐value	 ﾠand	 ﾠthe	 ﾠsignificance	 ﾠare	 ﾠdocumented	 ﾠ




7.3.  Results ﾠ
In	 ﾠthis	 ﾠexperiment	 ﾠI	 ﾠinvestigated	 ﾠthe	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠduring	 ﾠbaseline	 ﾠ
measurement	 ﾠof	 ﾠthe	 ﾠsupported	 ﾠ20cm	 ﾠreaching	 ﾠprotocol	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeeds.	 ﾠThe	 ﾠreaches	 ﾠwere	 ﾠ
performed	 ﾠwith	 ﾠthe	 ﾠaffected	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠunaffected	 ﾠupper	 ﾠlimb	 ﾠand	 ﾠactivation	 ﾠpatterns	 ﾠare	 ﾠ
compared	 ﾠon	 ﾠa	 ﾠsubject-ﾭ‐by-ﾭ‐subject	 ﾠbasis.	 ﾠ
7.3.1. EMG ﾠactivity ﾠ
Due	 ﾠto	 ﾠthe	 ﾠconfirmed	 ﾠmuscle	 ﾠweakness	 ﾠin	 ﾠthese	 ﾠparticipants,	 ﾠthe	 ﾠmean	 ﾠrectified	 ﾠmuscle	 ﾠ
activity	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠpeak	 ﾠactivity	 ﾠlevels	 ﾠfor	 ﾠbiceps	 ﾠbrachii	 ﾠ(Fig	 ﾠ7.3A)	 ﾠand	 ﾠtriceps	 ﾠbrachii	 ﾠ(Fig	 ﾠ7.3B)	 ﾠ
were	 ﾠexpected	 ﾠto	 ﾠbe	 ﾠsignificantly	 ﾠlower	 ﾠin	 ﾠthe	 ﾠweak	 ﾠaffected	 ﾠupper	 ﾠlimb,	 ﾠthan	 ﾠin	 ﾠthe	 ﾠunaffected	 ﾠlimb.	 ﾠ
Interestingly,	 ﾠthis	 ﾠwas	 ﾠnot	 ﾠthe	 ﾠcase	 ﾠand	 ﾠI	 ﾠcould	 ﾠnot	 ﾠdemonstrate	 ﾠa	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠactivation	 ﾠ
in	 ﾠthe	 ﾠunaffected	 ﾠand	 ﾠthe	 ﾠaffected	 ﾠside	 ﾠin	 ﾠa	 ﾠ2wrmANOVA	 ﾠ(SIDE(2)*Muscle(2)).	 ﾠI	 ﾠdid	 ﾠnot	 ﾠobserve	 ﾠan	 ﾠ
interaction	 ﾠhowever	 ﾠthe	 ﾠmean	 ﾠactivity	 ﾠwas	 ﾠdifferent	 ﾠbetween	 ﾠbiceps	 ﾠand	 ﾠtriceps	 ﾠdemonstrated	 ﾠby	 ﾠan	 ﾠ
effect	 ﾠof	 ﾠMUSCLE	 ﾠ(F(1,17)=31.244,	 ﾠp<=0.001)	 ﾠdue	 ﾠto	 ﾠgreater	 ﾠtriceps	 ﾠactivity	 ﾠin	 ﾠboth	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠ
the	 ﾠunaffected	 ﾠupper	 ﾠlimb	 ﾠ(Aff	 ﾠt(17)=-ﾭ‐3.921	 ﾠ;p=0.001;	 ﾠUnAff	 ﾠt(17)=-ﾭ‐4.991,	 ﾠp<=0.001),	 ﾠthe	 ﾠmovement	 ﾠ
agonist	 ﾠin	 ﾠthis	 ﾠreaching	 ﾠmovement.	 ﾠ	 ﾠ
 ﾠ
Figure	 ﾠ7.3.	 ﾠMean	 ﾠrectified	 ﾠmuscle	 ﾠactivity	 ﾠfor	 ﾠthe	 ﾠunaffected	 ﾠ(filled)	 ﾠand	 ﾠaffected	 ﾠ(unfilled)	 ﾠ	 ﾠ	 ﾠ
A)	 ﾠbiceps	 ﾠ(red)	 ﾠand	 ﾠB)	 ﾠtriceps	 ﾠ(blue)	 ﾠmuscle	 ﾠduring	 ﾠfast	 ﾠreaching	 ﾠmovement	 ﾠat	 ﾠbaseline.	 ﾠC)	 ﾠ





I	 ﾠexpected	 ﾠthat	 ﾠthe	 ﾠnon-ﾭ‐affected	 ﾠlimb	 ﾠwould	 ﾠhave	 ﾠgreater	 ﾠmaximum	 ﾠbiceps	 ﾠactivity.	 ﾠThis	 ﾠ
would	 ﾠmean	 ﾠthat	 ﾠthe	 ﾠhigh	 ﾠlevel	 ﾠof	 ﾠbiceps	 ﾠactivity	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠwas	 ﾠdue	 ﾠto	 ﾠ
sustained	 ﾠactivation	 ﾠand	 ﾠthe	 ﾠactivation	 ﾠon	 ﾠthe	 ﾠunaffected	 ﾠside	 ﾠwould	 ﾠbe	 ﾠa	 ﾠshort	 ﾠbut	 ﾠstronger	 ﾠburst	 ﾠof	 ﾠ
activity.	 ﾠHowever	 ﾠwhen	 ﾠperforming	 ﾠa	 ﾠ1wrmANOVA	 ﾠ(Side(2))	 ﾠon	 ﾠthe	 ﾠmaximum	 ﾠactivity	 ﾠof	 ﾠbiceps	 ﾠ(Fig	 ﾠ
7.3C),	 ﾠI	 ﾠdid	 ﾠnot	 ﾠobserve	 ﾠa	 ﾠsignificant	 ﾠdifferences	 ﾠbetween	 ﾠSIDE.	 ﾠ	 ﾠ
Previous	 ﾠstudies	 ﾠindicate	 ﾠthat	 ﾠthis	 ﾠincreased	 ﾠmuscle	 ﾠactivity	 ﾠcould	 ﾠbe	 ﾠexplained	 ﾠby	 ﾠpoor	 ﾠ
individuation	 ﾠof	 ﾠdistinct	 ﾠmuscle	 ﾠpatterns	 ﾠand	 ﾠmass	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠupper	 ﾠlimb	 ﾠand	 ﾠthe	 ﾠantagonist	 ﾠ
biceps	 ﾠmuscle	 ﾠ(Twitchell,	 ﾠ1951,	 ﾠZackowski	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠHowever	 ﾠwhen	 ﾠthe	 ﾠamount	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠ
was	 ﾠcorrelated	 ﾠwith	 ﾠclinical	 ﾠimpairment	 ﾠ(measured	 ﾠby	 ﾠthe	 ﾠFugl-ﾭ‐Meyer	 ﾠupper	 ﾠlimb	 ﾠscore)	 ﾠa	 ﾠweak	 ﾠ
positive	 ﾠcorrelation,	 ﾠapproaching	 ﾠsignificance	 ﾠ(Spearman’s	 ﾠrho	 ﾠ=	 ﾠ.461,	 ﾠp	 ﾠ=0.054),	 ﾠwas	 ﾠobserved	 ﾠ(Fig	 ﾠ
7.4).	 ﾠThis	 ﾠfinding	 ﾠdoes	 ﾠnot	 ﾠsupport	 ﾠthe	 ﾠtheory	 ﾠthat	 ﾠthe	 ﾠamount	 ﾠof	 ﾠactivity	 ﾠis	 ﾠdue	 ﾠto	 ﾠmass	 ﾠactivation,	 ﾠ
which	 ﾠwould	 ﾠinterfere	 ﾠwith	 ﾠfunctional	 ﾠactivities.	 ﾠ
 ﾠ
Figure	 ﾠ7.4.	 ﾠCorrelation	 ﾠof	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠwith	 ﾠmean	 ﾠbiceps	 ﾠactivity	 ﾠduring	 ﾠreaching	 ﾠ
movement	 ﾠat	 ﾠbaseline	 ﾠassessment.	 ﾠ
7.3.2. Movement ﾠonset ﾠ
To	 ﾠinvestigate	 ﾠif	 ﾠthe	 ﾠtemporal	 ﾠevolution	 ﾠof	 ﾠmuscle	 ﾠactivation	 ﾠcan	 ﾠdemonstrate	 ﾠpoor	 ﾠmuscle	 ﾠ
activation	 ﾠpatterns	 ﾠdue	 ﾠto	 ﾠco-ﾭ‐contraction	 ﾠI	 ﾠdetermined	 ﾠthe	 ﾠonset	 ﾠof	 ﾠbiceps	 ﾠand	 ﾠtriceps	 ﾠmuscle	 ﾠ




brachii	 ﾠ(Fig	 ﾠ7.5A)	 ﾠand	 ﾠtriceps	 ﾠbrachii	 ﾠ(Fig	 ﾠ7.5B)	 ﾠand	 ﾠthe	 ﾠtiming	 ﾠwas	 ﾠcompared	 ﾠbetween	 ﾠthe	 ﾠaffected	 ﾠ
and	 ﾠthe	 ﾠunaffected	 ﾠupper	 ﾠlimb.	 ﾠThe	 ﾠtime	 ﾠof	 ﾠonset	 ﾠfor	 ﾠbiceps	 ﾠbrachii	 ﾠwas	 ﾠvariable	 ﾠwith	 ﾠlarge	 ﾠstandard	 ﾠ
error.	 ﾠIn	 ﾠa	 ﾠ2wrmANOVA(Muscle(2)*SIDE(2),	 ﾠI	 ﾠobserved	 ﾠan	 ﾠeffect	 ﾠof	 ﾠMuscle	 ﾠ(F(1,17)=36.022	 ﾠ;	 ﾠp<=0.001)	 ﾠ
due	 ﾠto	 ﾠthe	 ﾠclear	 ﾠdifferences	 ﾠbetween	 ﾠthe	 ﾠbiceps	 ﾠand	 ﾠtriceps	 ﾠactivity	 ﾠonset	 ﾠ(Aff	 ﾠt(17)=	 ﾠ5.994;	 ﾠ
p<=0.001;	 ﾠUnAff	 ﾠt(17)=3.243;	 ﾠp=0.005)	 ﾠbut	 ﾠI	 ﾠdid	 ﾠnot	 ﾠobserve	 ﾠan	 ﾠinteraction	 ﾠor	 ﾠand	 ﾠeffect	 ﾠof	 ﾠSIDE.	 ﾠThe	 ﾠ
apparent	 ﾠdelayed	 ﾠonset	 ﾠfor	 ﾠbiceps	 ﾠactivity	 ﾠonset	 ﾠ(Fig	 ﾠ7.5A)	 ﾠin	 ﾠthe	 ﾠaffected	 ﾠarm	 ﾠwas	 ﾠnot	 ﾠsignificant	 ﾠ
nor	 ﾠwas	 ﾠthe	 ﾠdifference	 ﾠin	 ﾠtriceps	 ﾠactivation	 ﾠ(Fig	 ﾠ7.5B).	 ﾠ 	 ﾠ
 ﾠ
Figure	 ﾠ7.5.	 ﾠ	 ﾠOnset	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠin	 ﾠrelation	 ﾠto	 ﾠmovement	 ﾠonset	 ﾠfor	 ﾠunaffected	 ﾠ(filled)	 ﾠ
and	 ﾠaffected	 ﾠ(unfilled)	 ﾠupper	 ﾠlimb	 ﾠfor	 ﾠA)	 ﾠbiceps	 ﾠ(red)	 ﾠand	 ﾠB)	 ﾠtriceps	 ﾠ(blue)	 ﾠmuscle	 ﾠat	 ﾠbaseline	 ﾠ
assessment.	 ﾠ	 ﾠ
 ﾠ
Although	 ﾠthe	 ﾠdelayed	 ﾠonset	 ﾠof	 ﾠbiceps	 ﾠactivity	 ﾠwas	 ﾠnot	 ﾠstatistically	 ﾠsignificant	 ﾠI	 ﾠwanted	 ﾠto	 ﾠ
investigate	 ﾠthe	 ﾠrelationship	 ﾠof	 ﾠaltered	 ﾠactivation	 ﾠtiming	 ﾠon	 ﾠbaseline	 ﾠperformance	 ﾠand	 ﾠimpairment	 ﾠon	 ﾠ
an	 ﾠindividual	 ﾠbasis.	 ﾠA	 ﾠwell-ﾭ‐timed	 ﾠantagonist	 ﾠbiceps	 ﾠburst	 ﾠof	 ﾠactivity	 ﾠshould	 ﾠbe	 ﾠlate	 ﾠin	 ﾠthe	 ﾠmovement	 ﾠ
whereas	 ﾠco-ﾭ‐contraction	 ﾠwould	 ﾠbe	 ﾠindicated	 ﾠby	 ﾠearly	 ﾠactivation.	 ﾠIn	 ﾠkeeping	 ﾠwith	 ﾠthis	 ﾠtheory	 ﾠI	 ﾠcould	 ﾠ
show	 ﾠa	 ﾠnegative	 ﾠcorrelation	 ﾠof	 ﾠbiceps	 ﾠactivity	 ﾠonset	 ﾠand	 ﾠbaseline	 ﾠperformance	 ﾠ(Fig	 ﾠ7.6A&B).	 ﾠ
Individuals	 ﾠwith	 ﾠlater	 ﾠonset	 ﾠof	 ﾠbiceps	 ﾠactivity	 ﾠhad	 ﾠsmaller	 ﾠendpoint	 ﾠerrors,	 ﾠboth	 ﾠwhen	 ﾠmoving	 ﾠat	 ﾠslow	 ﾠ
(Fig.	 ﾠ7.6A)(Pearson’s	 ﾠcorrelation	 ﾠr=.5097	 ﾠp=0.0307)	 ﾠas	 ﾠwell	 ﾠas	 ﾠat	 ﾠfast	 ﾠ(Fig	 ﾠ7.6B)	 ﾠmovement	 ﾠspeeds	 ﾠ




removed	 ﾠa	 ﾠsignificant	 ﾠcorrelation	 ﾠremained	 ﾠat	 ﾠthe	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠ	 ﾠ(r=.562	 ﾠ	 ﾠp=0.0188)	 ﾠbut	 ﾠfor	 ﾠ
the	 ﾠslow	 ﾠmovement	 ﾠit	 ﾠwas	 ﾠno	 ﾠlonger	 ﾠevident	 ﾠ(r=.	 ﾠ4927	 ﾠ	 ﾠp=0.0852).	 ﾠInterestingly	 ﾠbiceps	 ﾠactivity	 ﾠonset	 ﾠ
did	 ﾠnot	 ﾠcorrelate	 ﾠto	 ﾠthe	 ﾠFugl	 ﾠMeyer	 ﾠscore	 ﾠ(Fig	 ﾠ7.6C)	 ﾠ(Spearman’s	 ﾠrho=.195,	 ﾠp=0.437).	 ﾠThe	 ﾠdelayed	 ﾠ
onset	 ﾠof	 ﾠtriceps	 ﾠactivity	 ﾠin	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠdid	 ﾠnot	 ﾠshow	 ﾠany	 ﾠcorrelation	 ﾠwith	 ﾠimpairment.	 ﾠ	 ﾠ	 ﾠ
 ﾠ ﾠ
Figure	 ﾠ7.6.	 ﾠCorrelation	 ﾠof	 ﾠbaseline	 ﾠendpoint	 ﾠerror	 ﾠwith	 ﾠonset	 ﾠof	 ﾠbiceps	 ﾠactivity	 ﾠat	 ﾠA)	 ﾠslow	 ﾠand	 ﾠ
B)	 ﾠfast	 ﾠtarget	 ﾠspeed	 ﾠand	 ﾠC)	 ﾠwith	 ﾠFugl-ﾭ‐Meyer	 ﾠscore	 ﾠ
	 ﾠ	 ﾠ
7.3.3. Ratio ﾠof ﾠAgonist ﾠto ﾠAntagonist ﾠactivity ﾠ
Difficulties	 ﾠof	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠand	 ﾠpoor	 ﾠmodulation	 ﾠbetween	 ﾠagonist	 ﾠto	 ﾠ
antagonist	 ﾠactivity	 ﾠcan	 ﾠbe	 ﾠdetected	 ﾠin	 ﾠthe	 ﾠratio	 ﾠof	 ﾠactivity	 ﾠin	 ﾠthese	 ﾠmuscle	 ﾠpairs.	 ﾠThe	 ﾠactivity	 ﾠlevels	 ﾠ
were	 ﾠnot	 ﾠcorrelated	 ﾠin	 ﾠthe	 ﾠunaffected	 ﾠupper	 ﾠlimb	 ﾠ(Fig	 ﾠ7.7A)	 ﾠ(Pearson’s	 ﾠcorrelation;	 ﾠr	 ﾠ=.2668	 ﾠp	 ﾠ=	 ﾠ
0.2845)	 ﾠhowever	 ﾠin	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠ(Fig	 ﾠ7.7B)	 ﾠthere	 ﾠwas	 ﾠa	 ﾠstrong	 ﾠcorrelation	 ﾠ(Pearson’s	 ﾠ
Correlation;	 ﾠr	 ﾠ=	 ﾠ.7312,	 ﾠp	 ﾠ=	 ﾠ0.0006).	 ﾠFor	 ﾠthis	 ﾠset	 ﾠof	 ﾠsubjects	 ﾠthe	 ﾠratio	 ﾠ(Fig	 ﾠ7.7C)	 ﾠof	 ﾠtriceps	 ﾠto	 ﾠbiceps	 ﾠ
activity	 ﾠfor	 ﾠthe	 ﾠunaffected	 ﾠ(mean=3.04,	 ﾠ(+/-ﾭ‐	 ﾠ2.06))	 ﾠand	 ﾠaffected	 ﾠ(mean	 ﾠ2.38;	 ﾠ(+/-ﾭ‐1.35))	 ﾠlimb	 ﾠwas	 ﾠ





Figure	 ﾠ7.7.	 ﾠCorrelation	 ﾠof	 ﾠA)	 ﾠunaffected	 ﾠ(grey)	 ﾠand	 ﾠB)	 ﾠaffected	 ﾠ(black)	 ﾠmean	 ﾠbiceps	 ﾠto	 ﾠtriceps	 ﾠ
activity	 ﾠand	 ﾠC)	 ﾠmuscle	 ﾠactivity	 ﾠratio	 ﾠof	 ﾠtriceps	 ﾠto	 ﾠbiceps	 ﾠactivity	 ﾠfor	 ﾠthe	 ﾠunaffected	 ﾠand	 ﾠ
affected	 ﾠupper	 ﾠlimb.	 ﾠ
 ﾠ
Increased	 ﾠEMG	 ﾠactivity	 ﾠin	 ﾠthe	 ﾠinitial	 ﾠportion	 ﾠof	 ﾠmovement	 ﾠdemonstrates	 ﾠbetter	 ﾠrecruitment	 ﾠ
of	 ﾠmuscle	 ﾠfibers	 ﾠand	 ﾠa	 ﾠbetter	 ﾠability	 ﾠto	 ﾠgenerate	 ﾠmuscle	 ﾠpower	 ﾠ(Aagaard	 ﾠet	 ﾠal.,	 ﾠ2002).	 ﾠ	 ﾠThe	 ﾠ50ms	 ﾠ
preceding	 ﾠmovement	 ﾠactivation	 ﾠand	 ﾠthe	 ﾠ100ms	 ﾠafter	 ﾠinitiation	 ﾠof	 ﾠmovement	 ﾠare	 ﾠalso	 ﾠseen	 ﾠas	 ﾠthe	 ﾠ
feed-ﾭ‐forward	 ﾠportion	 ﾠof	 ﾠa	 ﾠmovement,	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠmovement	 ﾠobserved	 ﾠis	 ﾠa	 ﾠrepresentation	 ﾠof	 ﾠthe	 ﾠ
motor	 ﾠcommand	 ﾠas	 ﾠfeedback	 ﾠprocesses	 ﾠare	 ﾠto	 ﾠslow	 ﾠto	 ﾠalter	 ﾠthis	 ﾠperiod	 ﾠ(Shadmehr	 ﾠand	 ﾠWise,	 ﾠ2005).	 ﾠ
I	 ﾠtherefore	 ﾠrepeated	 ﾠthe	 ﾠanalysis	 ﾠperformed	 ﾠabove	 ﾠto	 ﾠsee	 ﾠif	 ﾠpoor	 ﾠactivation	 ﾠcould	 ﾠbe	 ﾠ
observed	 ﾠin	 ﾠthis	 ﾠinitial	 ﾠportion	 ﾠof	 ﾠmovement	 ﾠgeneration.	 ﾠ	 ﾠA	 ﾠsimilar	 ﾠbut	 ﾠeven	 ﾠlarger	 ﾠratio	 ﾠof	 ﾠmuscle	 ﾠ
activation	 ﾠcan	 ﾠbe	 ﾠobserved	 ﾠas	 ﾠin	 ﾠthe	 ﾠanalysis	 ﾠof	 ﾠthe	 ﾠwhole	 ﾠmovement	 ﾠ(Fig	 ﾠ7.8).	 ﾠThere	 ﾠis	 ﾠa	 ﾠclose	 ﾠ
relationship	 ﾠbetween	 ﾠthe	 ﾠamount	 ﾠof	 ﾠtriceps	 ﾠand	 ﾠbiceps	 ﾠactivity	 ﾠas	 ﾠindicated	 ﾠby	 ﾠgood	 ﾠcorrelations	 ﾠfor	 ﾠ
both	 ﾠthe	 ﾠunaffected	 ﾠ(Fig	 ﾠ7.8A)	 ﾠ(Pearson’s	 ﾠcorrelation	 ﾠr	 ﾠ=.7219;	 ﾠp	 ﾠ=	 ﾠ0.0007)	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠaffected	 ﾠ(Fig	 ﾠ
7.8B)	 ﾠupper	 ﾠlimb	 ﾠ(Pearson’s	 ﾠcorrelation	 ﾠr	 ﾠ=.7849;	 ﾠp	 ﾠ=	 ﾠ0.0001)	 ﾠbut	 ﾠthere	 ﾠis	 ﾠno	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠ




triceps	 ﾠmuscle	 ﾠin	 ﾠrelationship	 ﾠto	 ﾠthe	 ﾠbiceps	 ﾠwas	 ﾠnot	 ﾠdifferent	 ﾠin	 ﾠthe	 ﾠaffected	 ﾠlimb	 ﾠin	 ﾠthe	 ﾠEMG	 ﾠ
measurements	 ﾠin	 ﾠour	 ﾠpatient	 ﾠpopulation.	 ﾠ
 ﾠ
Figure	 ﾠ7.8.	 ﾠCorrelation	 ﾠof	 ﾠA)	 ﾠunaffected	 ﾠ(grey)	 ﾠand	 ﾠB)	 ﾠaffected(black)	 ﾠmean	 ﾠbiceps	 ﾠto	 ﾠtriceps	 ﾠ
activity	 ﾠfor	 ﾠthe	 ﾠperiod	 ﾠfrom	 ﾠ50ms	 ﾠbefore	 ﾠmovement	 ﾠonset	 ﾠto	 ﾠ100ms	 ﾠafter	 ﾠmovement	 ﾠonset.	 ﾠ
C)	 ﾠMuscle	 ﾠactivity	 ﾠratio	 ﾠof	 ﾠtriceps	 ﾠto	 ﾠbiceps	 ﾠactivity	 ﾠfor	 ﾠthe	 ﾠunaffected	 ﾠ(grey)	 ﾠand	 ﾠaffected	 ﾠ
(black)	 ﾠupper	 ﾠlimb	 ﾠfor	 ﾠthe	 ﾠactivation	 ﾠperiod	 ﾠof	 ﾠ50ms	 ﾠbefore	 ﾠmovement	 ﾠonset	 ﾠto	 ﾠ100ms	 ﾠafter	 ﾠ
onset.	 ﾠ
 ﾠ
7.3.4. EMG ﾠchanges ﾠdue ﾠto ﾠtraining ﾠ
I	 ﾠfurther	 ﾠanalyzed	 ﾠwhether	 ﾠtraining	 ﾠaltered	 ﾠthe	 ﾠonset	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠand	 ﾠspecifically	 ﾠthe	 ﾠ
effect	 ﾠof	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠand	 ﾠat	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠ(Fig	 ﾠ7.9)	 ﾠin	 ﾠa	 ﾠ3wrmANOVA	 ﾠ
(MUSCLE(2)*TIME(2)*GROUP(2)).	 ﾠA	 ﾠtrend	 ﾠto	 ﾠan	 ﾠinteraction	 ﾠ(F(1,16)=4.322,	 ﾠp=0.054)	 ﾠdemonstrates	 ﾠthat	 ﾠ
the	 ﾠtwo	 ﾠtraining	 ﾠspeeds	 ﾠhad	 ﾠdifferential	 ﾠeffects	 ﾠon	 ﾠthe	 ﾠonset	 ﾠof	 ﾠmuscle	 ﾠactivity.	 ﾠMuscle	 ﾠactivity	 ﾠonset	 ﾠ
was	 ﾠchanged	 ﾠby	 ﾠtraining	 ﾠ(Effect	 ﾠof	 ﾠTIME,	 ﾠF(1,16)=54.716,	 ﾠp<=0.001)	 ﾠand	 ﾠdiffered	 ﾠin	 ﾠbiceps	 ﾠand	 ﾠtriceps	 ﾠ





Figure	 ﾠ7.9.	 ﾠOnset	 ﾠof	 ﾠEMG	 ﾠactivity	 ﾠof	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠ
training	 ﾠfor	 ﾠfast	 ﾠand	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠfor	 ﾠA)	 ﾠbiceps	 ﾠ(red)	 ﾠand	 ﾠB)	 ﾠtriceps	 ﾠ(blue)	 ﾠmuscle.	 ﾠ
 ﾠ
7.3.5. Antagonist ﾠactivation ﾠ
Spasticity	 ﾠis	 ﾠa	 ﾠcommon	 ﾠsymptom	 ﾠafter	 ﾠstroke	 ﾠand	 ﾠin	 ﾠthis	 ﾠparadigm	 ﾠfast	 ﾠreaching	 ﾠmovements	 ﾠ
could	 ﾠelicit	 ﾠspasticity	 ﾠof	 ﾠthe	 ﾠantagonist,	 ﾠbiceps	 ﾠmuscle.	 ﾠ	 ﾠTo	 ﾠestablish	 ﾠif	 ﾠtraining	 ﾠat	 ﾠeither	 ﾠfast	 ﾠor	 ﾠslow	 ﾠ
movement	 ﾠvelocity	 ﾠresulted	 ﾠin	 ﾠalterations	 ﾠof	 ﾠhypertonus	 ﾠI	 ﾠestablish	 ﾠindividual	 ﾠmean	 ﾠbiceps	 ﾠactivity	 ﾠ
and	 ﾠthe	 ﾠmaximum	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠmuscle.	 ﾠI	 ﾠpropose	 ﾠthat	 ﾠin	 ﾠthis	 ﾠfast	 ﾠreaching	 ﾠmovement,	 ﾠbiceps	 ﾠ
spasticity	 ﾠcan	 ﾠbe	 ﾠdemonstrated	 ﾠas	 ﾠa	 ﾠspastic	 ﾠcatch	 ﾠby	 ﾠthe	 ﾠmaximal	 ﾠactivity	 ﾠduring	 ﾠthe	 ﾠreaching	 ﾠ
movement.	 ﾠI	 ﾠanalyses	 ﾠhow	 ﾠthe	 ﾠmean	 ﾠ(Fig	 ﾠ7.10A)	 ﾠand	 ﾠthe	 ﾠmaximum	 ﾠ(Fig	 ﾠ7.10B)	 ﾠactivity	 ﾠchanged	 ﾠin	 ﾠ
the	 ﾠtwo	 ﾠtraining	 ﾠgroups	 ﾠdue	 ﾠto	 ﾠtraining	 ﾠand	 ﾠif	 ﾠthis	 ﾠdiffered	 ﾠdepending	 ﾠon	 ﾠthe	 ﾠtraining	 ﾠperformed	 ﾠwith	 ﾠ
a	 ﾠ3wrmANOVA	 ﾠ(ACTIVITY(2)*TIME(2)*GROUP(2)).	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠthe	 ﾠtraining	 ﾠprotocol	 ﾠwas	 ﾠnot	 ﾠ
different	 ﾠas	 ﾠthere	 ﾠwas	 ﾠno	 ﾠinteraction.	 ﾠ	 ﾠI	 ﾠcan	 ﾠthereby	 ﾠconclude	 ﾠthat	 ﾠthe	 ﾠmaximum	 ﾠEMG	 ﾠactivity,	 ﾠa	 ﾠ
potential	 ﾠmeasure	 ﾠof	 ﾠbiceps	 ﾠspasticity,	 ﾠdid	 ﾠnot	 ﾠchange	 ﾠdue	 ﾠto	 ﾠthe	 ﾠtraining	 ﾠprotocols,	 ﾠnor	 ﾠdid	 ﾠthe	 ﾠ





Figure	 ﾠ7.10.	 ﾠA)	 ﾠMean	 ﾠbiceps	 ﾠactivity	 ﾠ	 ﾠbefore	 ﾠ(unfilled)	 ﾠand	 ﾠafter	 ﾠ(filled)	 ﾠtraining	 ﾠfor	 ﾠthe	 ﾠfast	 ﾠ
(red)	 ﾠand	 ﾠslow	 ﾠ(blue)	 ﾠtraining	 ﾠgroup	 ﾠB)	 ﾠMaximum	 ﾠbiceps	 ﾠactivity. ﾠ




7.4.  Discussion ﾠ ﾠ
In	 ﾠthis	 ﾠsupported	 ﾠreaching	 ﾠparadigm,	 ﾠthe	 ﾠonset	 ﾠand	 ﾠmean	 ﾠrectified	 ﾠactivity	 ﾠof	 ﾠbiceps	 ﾠand	 ﾠ
triceps	 ﾠmuscles	 ﾠwas	 ﾠsampled	 ﾠduring	 ﾠfast	 ﾠreaching	 ﾠmovements	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠthe	 ﾠunaffected	 ﾠ
hand	 ﾠin	 ﾠa	 ﾠrobotic	 ﾠmanipulandum.	 ﾠEMG	 ﾠmeasurements	 ﾠof	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠwere	 ﾠrepeated	 ﾠ
after	 ﾠa	 ﾠweek	 ﾠof	 ﾠintensive	 ﾠtraining,	 ﾠpractising	 ﾠreaching	 ﾠaccuracy	 ﾠat	 ﾠeither	 ﾠslow	 ﾠor	 ﾠfast	 ﾠmovement	 ﾠ
speed.	 ﾠ	 ﾠ
This	 ﾠparadigm	 ﾠof	 ﾠsupported	 ﾠreaches	 ﾠin	 ﾠthe	 ﾠmanipulandum	 ﾠ,	 ﾠnot	 ﾠallowing	 ﾠcompensatory	 ﾠ
strategies,	 ﾠrequire	 ﾠthe	 ﾠsame	 ﾠmovements	 ﾠin	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠunaffected	 ﾠupper	 ﾠlimb.	 ﾠMuscle	 ﾠactivity	 ﾠ
is	 ﾠcontrolled	 ﾠfor	 ﾠmovement	 ﾠvelocity,	 ﾠmovement	 ﾠextent	 ﾠas	 ﾠwell	 ﾠas	 ﾠmovement	 ﾠdirection.	 ﾠIt	 ﾠis	 ﾠtherefore	 ﾠ
maybe	 ﾠnot	 ﾠthat	 ﾠsurprising	 ﾠthat	 ﾠthe	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠin	 ﾠterms	 ﾠof	 ﾠactivation	 ﾠonset,	 ﾠmean	 ﾠand	 ﾠ
maximum	 ﾠactivity	 ﾠfor	 ﾠthis	 ﾠset	 ﾠof	 ﾠstroke	 ﾠpatients,	 ﾠwere	 ﾠvery	 ﾠsimilar	 ﾠbetween	 ﾠthe	 ﾠaffected	 ﾠand	 ﾠ
unaffected	 ﾠupper	 ﾠlimb.	 ﾠTraining	 ﾠresulted	 ﾠin	 ﾠvery	 ﾠlittle	 ﾠalterations	 ﾠin	 ﾠbiceps	 ﾠand	 ﾠtriceps	 ﾠmuscle	 ﾠ
actuvation.	 ﾠThe	 ﾠsimilarity	 ﾠof	 ﾠactivation	 ﾠpatterns	 ﾠobserved	 ﾠbetween	 ﾠthe	 ﾠaffected	 ﾠan	 ﾠunaffected	 ﾠlimb,	 ﾠ
mirror	 ﾠfindings	 ﾠof	 ﾠother	 ﾠexperiment	 ﾠusing	 ﾠunconstrained	 ﾠreaching	 ﾠmovements	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠ
Cheung	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠCoscia	 ﾠet	 ﾠal.,	 ﾠ2014)	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠthe	 ﾠaltered	 ﾠsynergies	 ﾠobserved	 ﾠin	 ﾠisometric	 ﾠ
force	 ﾠmatching	 ﾠprotocols	 ﾠ(Dewald	 ﾠet	 ﾠal.,	 ﾠ1995,	 ﾠRoh	 ﾠet	 ﾠal.,	 ﾠ2013)	 ﾠand	 ﾠmore	 ﾠsophisticated	 ﾠmeasures	 ﾠof	 ﾠ
synergy	 ﾠcomposition	 ﾠ(Cheung	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠSafavynia	 ﾠand	 ﾠTing,	 ﾠ2012).	 ﾠ
7.4.1. Muscle ﾠactivation ﾠlevels, ﾠpatterns ﾠand ﾠagonist-ﾭ‐antagonist ﾠratios ﾠ
After	 ﾠstroke	 ﾠmovement	 ﾠquality	 ﾠis	 ﾠcompromised	 ﾠand	 ﾠindividuals	 ﾠtend	 ﾠto	 ﾠmove	 ﾠin	 ﾠstereotypical	 ﾠ
movement	 ﾠpatterns,	 ﾠalso	 ﾠcalled	 ﾠsynergies	 ﾠ(Twitchell,	 ﾠ1951).	 ﾠReduced	 ﾠindividuation	 ﾠimpacts	 ﾠon	 ﾠ
functional	 ﾠability	 ﾠof	 ﾠnot	 ﾠonly	 ﾠthe	 ﾠdistal	 ﾠ(Lawrence	 ﾠand	 ﾠKuypers,	 ﾠ1968)	 ﾠbut	 ﾠalso	 ﾠthe	 ﾠproximal	 ﾠupper	 ﾠ
limb	 ﾠ(Zackowski	 ﾠet	 ﾠal.,	 ﾠ2004).	 ﾠA	 ﾠweakness	 ﾠin	 ﾠour	 ﾠstudy	 ﾠdesign	 ﾠand	 ﾠanalysis	 ﾠis	 ﾠthat	 ﾠthe	 ﾠaffected	 ﾠlimb’s	 ﾠ
activation	 ﾠpattern	 ﾠis	 ﾠcompared	 ﾠto	 ﾠthe	 ﾠactivation	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠunaffected	 ﾠlimb.	 ﾠTo	 ﾠcontrol	 ﾠfor	 ﾠ
intra-ﾭ‐individual	 ﾠcomparison	 ﾠof	 ﾠreaching	 ﾠmovements	 ﾠand	 ﾠvarying	 ﾠmovement	 ﾠspeeds	 ﾠdepending	 ﾠon	 ﾠ




intra-ﾭ‐individually.	 ﾠThis	 ﾠprovides	 ﾠbenefits	 ﾠof	 ﾠcomparable	 ﾠjoint-ﾭ‐torques	 ﾠand	 ﾠbody	 ﾠcomposition.	 ﾠ	 ﾠ	 ﾠ
However	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠclearly	 ﾠestablished	 ﾠthat	 ﾠmovement	 ﾠof	 ﾠthe	 ﾠipsilesional	 ﾠlimb	 ﾠis	 ﾠalso	 ﾠaffected	 ﾠafter	 ﾠ
stroke	 ﾠ(Desrosiers	 ﾠet	 ﾠal.,	 ﾠ1996).	 ﾠThis	 ﾠcomparison	 ﾠmight	 ﾠpartly	 ﾠexplain	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠabnormal	 ﾠ
activation	 ﾠpatterns	 ﾠobserved	 ﾠhere	 ﾠhowever,	 ﾠthe	 ﾠnormalisation	 ﾠof	 ﾠmovement	 ﾠachieved	 ﾠby	 ﾠde-ﾭ‐
weighting	 ﾠthe	 ﾠarm	 ﾠhas	 ﾠbeen	 ﾠalso	 ﾠreported	 ﾠ(Coscia	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ	 ﾠ
Contrary	 ﾠto	 ﾠexpectation	 ﾠI	 ﾠcould	 ﾠnot	 ﾠdetect	 ﾠclear	 ﾠdifferences	 ﾠbetween	 ﾠmuscle	 ﾠaction	 ﾠof	 ﾠthe	 ﾠ
affected	 ﾠand	 ﾠunaffected	 ﾠbiceps	 ﾠand	 ﾠtriceps	 ﾠmuscles	 ﾠin	 ﾠour	 ﾠgroup	 ﾠof	 ﾠstroke	 ﾠpatients	 ﾠwhile	 ﾠperforming	 ﾠ
supported	 ﾠreaches.	 ﾠThe	 ﾠmuscle	 ﾠactivation	 ﾠlevel	 ﾠand	 ﾠpattern	 ﾠbetween	 ﾠbiceps	 ﾠbrachii	 ﾠand	 ﾠtriceps	 ﾠ
brachii	 ﾠduring	 ﾠreaching	 ﾠwere	 ﾠvery	 ﾠsimilar	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠthe	 ﾠunaffected	 ﾠupper	 ﾠlimb.	 ﾠ	 ﾠI	 ﾠassessed	 ﾠthe	 ﾠ
synergy	 ﾠas	 ﾠthe	 ﾠmean	 ﾠmuscle	 ﾠactivity,	 ﾠthe	 ﾠonset	 ﾠof	 ﾠactivity	 ﾠin	 ﾠrelation	 ﾠto	 ﾠmovement	 ﾠinitiation	 ﾠas	 ﾠwell	 ﾠ
as	 ﾠthe	 ﾠmean	 ﾠactivity	 ﾠratio	 ﾠbetween	 ﾠthe	 ﾠagonist	 ﾠand	 ﾠantagonist	 ﾠfor	 ﾠthe	 ﾠwhole	 ﾠmovement	 ﾠand	 ﾠthe	 ﾠ
initial	 ﾠpart	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠas	 ﾠperformed	 ﾠin	 ﾠprevious	 ﾠstudies	 ﾠ(Wagner	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ
2009).	 ﾠ	 ﾠThe	 ﾠpreservation	 ﾠof	 ﾠmuscle	 ﾠsynergies	 ﾠhas	 ﾠbeen	 ﾠreported	 ﾠin	 ﾠa	 ﾠnumber	 ﾠof	 ﾠprevious	 ﾠstudies	 ﾠ
(Gowland	 ﾠet	 ﾠal.,	 ﾠ1992,	 ﾠWagner	 ﾠet	 ﾠal.,	 ﾠ2007,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2009),	 ﾠhowever	 ﾠmeasuring	 ﾠmuscle	 ﾠsynergy	 ﾠ
solely	 ﾠby	 ﾠthe	 ﾠtiming	 ﾠof	 ﾠmuscle	 ﾠactivity	 ﾠonset	 ﾠand	 ﾠthe	 ﾠratio	 ﾠof	 ﾠactivity,	 ﾠas	 ﾠperformed	 ﾠin	 ﾠour	 ﾠanalysis,	 ﾠ
has	 ﾠclear	 ﾠlimitations.	 ﾠMuscle	 ﾠsynergies	 ﾠduring	 ﾠfast	 ﾠmovements	 ﾠcomprise	 ﾠtriphasic	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠ
agonist	 ﾠand	 ﾠantagonist	 ﾠand	 ﾠchanges	 ﾠto	 ﾠthe	 ﾠtiming	 ﾠof	 ﾠthese	 ﾠevents	 ﾠare	 ﾠmore	 ﾠinformative	 ﾠof	 ﾠ
alterations	 ﾠof	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠthan	 ﾠonset	 ﾠand	 ﾠmean	 ﾠactivation	 ﾠalone	 ﾠ(Gowland	 ﾠet	 ﾠal.,	 ﾠ
1992).	 ﾠAnalysis	 ﾠof	 ﾠabnormal	 ﾠactivation	 ﾠpatterns	 ﾠobserved	 ﾠafter	 ﾠstroke	 ﾠhas	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠbe	 ﾠ
achievable	 ﾠby	 ﾠfactor	 ﾠanalysis	 ﾠmeasuring	 ﾠnot	 ﾠonly	 ﾠmuscle	 ﾠactivity	 ﾠinterplay	 ﾠwithin	 ﾠspecific	 ﾠsynergies	 ﾠ
but	 ﾠalso	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠobserved	 ﾠsynergies	 ﾠduring	 ﾠmovements	 ﾠ(Cheung	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠHowever,	 ﾠthe	 ﾠ
analysis	 ﾠin	 ﾠthis	 ﾠchapter	 ﾠdid	 ﾠnot	 ﾠcomprise	 ﾠthese	 ﾠtechniques.	 ﾠ	 ﾠ
Altered	 ﾠmuscle	 ﾠsynergies	 ﾠdue	 ﾠto	 ﾠco-ﾭ‐contraction	 ﾠhave	 ﾠbeen	 ﾠdemonstrated	 ﾠin	 ﾠisometric	 ﾠforce	 ﾠ
matching	 ﾠprotocols	 ﾠ(Dewald	 ﾠet	 ﾠal.,	 ﾠ1995,	 ﾠRoh	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠCo-ﾭ‐contraction	 ﾠin	 ﾠthese	 ﾠactivities	 ﾠinvolve	 ﾠ




strategies	 ﾠare	 ﾠused	 ﾠif	 ﾠtask	 ﾠcompletion	 ﾠis	 ﾠdifficult	 ﾠ(McCrea	 ﾠet	 ﾠal.,	 ﾠ2005).	 ﾠWith	 ﾠgreater	 ﾠfunctional	 ﾠ
impairment	 ﾠco-ﾭ‐contractions	 ﾠincreases	 ﾠin	 ﾠthese	 ﾠtasks	 ﾠbut	 ﾠalso	 ﾠin	 ﾠunrestrained	 ﾠreaching	 ﾠtasks	 ﾠwhere	 ﾠ
alterations	 ﾠin	 ﾠEMG	 ﾠpatterns	 ﾠhave	 ﾠbeen	 ﾠobserved	 ﾠin	 ﾠindividuals	 ﾠwith	 ﾠvery	 ﾠlow	 ﾠFugl-ﾭ‐Meyer	 ﾠscores	 ﾠ
(Cheung	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠ	 ﾠ
How	 ﾠthese	 ﾠactivation	 ﾠpatterns	 ﾠare	 ﾠmaintained	 ﾠdespite	 ﾠstereotypical	 ﾠmovement	 ﾠpatterns	 ﾠ
observed	 ﾠin	 ﾠfunctional	 ﾠtasks	 ﾠis	 ﾠnot	 ﾠclear.	 ﾠOn	 ﾠa	 ﾠmechanistic	 ﾠlevel	 ﾠit	 ﾠhas	 ﾠto	 ﾠbe	 ﾠconsidered	 ﾠthat	 ﾠmoving	 ﾠ
and	 ﾠtraining	 ﾠin	 ﾠanti-ﾭ‐gravity	 ﾠenvironments	 ﾠreduces	 ﾠthe	 ﾠdifficulty	 ﾠof	 ﾠthe	 ﾠtask	 ﾠsignificantly.	 ﾠActivation	 ﾠ
patterns	 ﾠof	 ﾠstroke	 ﾠindividuals	 ﾠmoving	 ﾠin	 ﾠsupported	 ﾠenvironments	 ﾠand	 ﾠthereby	 ﾠthe	 ﾠmuscle	 ﾠsynergies	 ﾠ
have	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠbe	 ﾠnot	 ﾠsignificantly	 ﾠdifferent	 ﾠto	 ﾠnormal	 ﾠactivation	 ﾠpatterns	 ﾠ(Coscia	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ
Therefore	 ﾠthe	 ﾠinclusion	 ﾠcriteria	 ﾠin	 ﾠour	 ﾠset	 ﾠof	 ﾠpatients	 ﾠis	 ﾠset	 ﾠto	 ﾠrecruit	 ﾠa	 ﾠpatient	 ﾠgroup	 ﾠwho	 ﾠcan	 ﾠ
perform	 ﾠthis	 ﾠreaching	 ﾠtask	 ﾠif	 ﾠgravity	 ﾠis	 ﾠeliminated.	 ﾠThe	 ﾠtask	 ﾠdoes	 ﾠnot	 ﾠallow	 ﾠcompensatory	 ﾠmovements	 ﾠ
and	 ﾠtherefore	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠneed	 ﾠto,	 ﾠand	 ﾠfrom	 ﾠthis	 ﾠanalyses	 ﾠappear	 ﾠto	 ﾠbe	 ﾠmaintained	 ﾠto	 ﾠ
a	 ﾠlarge	 ﾠextent.	 ﾠ
7.4.2. EMG ﾠas ﾠa ﾠmarker ﾠof ﾠimpairment ﾠ
I	 ﾠwanted	 ﾠto	 ﾠestablish	 ﾠif	 ﾠthe	 ﾠEMG	 ﾠactivation	 ﾠpatterns	 ﾠin	 ﾠour	 ﾠstroke	 ﾠpatients	 ﾠcould	 ﾠbe	 ﾠused	 ﾠto	 ﾠ
detect	 ﾠneural	 ﾠfunction	 ﾠand	 ﾠdisruption	 ﾠin	 ﾠdescending	 ﾠcontrol	 ﾠ(Safavynia	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠCheung	 ﾠet	 ﾠal.,	 ﾠ
2012).	 ﾠIt	 ﾠis	 ﾠwell	 ﾠestablished	 ﾠthat	 ﾠinterruption	 ﾠof	 ﾠcorticospinal	 ﾠpathways	 ﾠlead	 ﾠto	 ﾠimpairment	 ﾠ(Stinear	 ﾠ
et	 ﾠal.,	 ﾠ2007)	 ﾠand	 ﾠpossibly	 ﾠgreater	 ﾠdependence	 ﾠon	 ﾠremaining	 ﾠintact	 ﾠpathways,	 ﾠincluding	 ﾠbrainstem	 ﾠ
pathways	 ﾠ(Zaaimi	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ	 ﾠThe	 ﾠprojections	 ﾠof	 ﾠthese	 ﾠbrainstem	 ﾠpathways	 ﾠonto	 ﾠmotoneurons	 ﾠare	 ﾠ
far	 ﾠless	 ﾠdivergent	 ﾠthan	 ﾠprojections	 ﾠof	 ﾠthe	 ﾠcorticospinal	 ﾠtract	 ﾠ(Matsuyama	 ﾠet	 ﾠal.,	 ﾠ1997)	 ﾠand	 ﾠ
stereotypical	 ﾠsynergies	 ﾠare	 ﾠtherefore	 ﾠobserved	 ﾠafter	 ﾠlesions	 ﾠin	 ﾠanimal	 ﾠmodels	 ﾠ(Zaaimi	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ
The	 ﾠstereotypical	 ﾠmovement	 ﾠpatterns	 ﾠand	 ﾠmass	 ﾠactivation	 ﾠafter	 ﾠstroke,	 ﾠcould	 ﾠtherefore	 ﾠbe	 ﾠalso	 ﾠdue	 ﾠ
to	 ﾠa	 ﾠreliance	 ﾠon	 ﾠthese	 ﾠremaining	 ﾠbrainstem	 ﾠpathways.	 ﾠIn	 ﾠthis	 ﾠgroup	 ﾠof	 ﾠstroke	 ﾠpatients	 ﾠI	 ﾠhowever	 ﾠdid	 ﾠ
not	 ﾠobserve	 ﾠabnormal	 ﾠmovement	 ﾠpatterns	 ﾠin	 ﾠour	 ﾠmeasures	 ﾠof	 ﾠactivation	 ﾠin	 ﾠthe	 ﾠsupported	 ﾠreaching	 ﾠ




observed	 ﾠhowever,	 ﾠthis	 ﾠfinding	 ﾠwas	 ﾠnot	 ﾠfurther	 ﾠexplored	 ﾠin	 ﾠthis	 ﾠanalysis.	 ﾠThe	 ﾠother	 ﾠindication	 ﾠfor	 ﾠ
EMG	 ﾠas	 ﾠmarker	 ﾠof	 ﾠimpairment	 ﾠwas	 ﾠthat	 ﾠon	 ﾠan	 ﾠinter-ﾭ‐individual	 ﾠbasis,	 ﾠvery	 ﾠearly	 ﾠactivation	 ﾠof	 ﾠbiceps	 ﾠ
correlated	 ﾠwith	 ﾠpoor	 ﾠtask	 ﾠperformance	 ﾠat	 ﾠslow	 ﾠand	 ﾠfast	 ﾠvelocity,	 ﾠresulting	 ﾠin	 ﾠvery	 ﾠlarge	 ﾠendpoint	 ﾠ
errors.	 ﾠ	 ﾠ
7.4.3. Effect ﾠof ﾠtraining ﾠon ﾠEMG ﾠactivity ﾠ
Various	 ﾠoutcome	 ﾠmeasures	 ﾠare	 ﾠused	 ﾠto	 ﾠmeasure	 ﾠfunctional	 ﾠability	 ﾠand	 ﾠchange	 ﾠdue	 ﾠto	 ﾠan	 ﾠ
intervention.	 ﾠSafavynia	 ﾠet	 ﾠal,	 ﾠfound	 ﾠthat	 ﾠEMG	 ﾠis	 ﾠsensitive	 ﾠand	 ﾠresponsive	 ﾠenough	 ﾠto	 ﾠdetect	 ﾠchanges	 ﾠ
in	 ﾠmuscle	 ﾠactivity	 ﾠdue	 ﾠto	 ﾠrehabilitation	 ﾠ(Safavynia	 ﾠet	 ﾠal.,	 ﾠ2011)	 ﾠand	 ﾠother	 ﾠstudies	 ﾠreport	 ﾠthat	 ﾠtraining	 ﾠ
can	 ﾠalter	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠ(Ellis	 ﾠet	 ﾠal.,	 ﾠ2005,	 ﾠTropea	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠI	 ﾠwanted	 ﾠto	 ﾠestablish	 ﾠhow	 ﾠ
training	 ﾠat	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠvelocities	 ﾠaltered	 ﾠmuscle	 ﾠactivation	 ﾠprofiles.	 ﾠI	 ﾠfurther	 ﾠwanted	 ﾠto	 ﾠ
investigate	 ﾠif	 ﾠalterations	 ﾠin	 ﾠthe	 ﾠactivation	 ﾠpattern	 ﾠcould	 ﾠprovide	 ﾠevidence	 ﾠthat	 ﾠtraining	 ﾠat	 ﾠa	 ﾠfast	 ﾠ
movement	 ﾠspeed	 ﾠresulting	 ﾠin	 ﾠgreater	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠfeed-ﾭ‐forward	 ﾠmotor	 ﾠplan	 ﾠin	 ﾠcomparison	 ﾠto	 ﾠslow	 ﾠ
movement	 ﾠspeed	 ﾠtraining.	 ﾠ	 ﾠ
However	 ﾠthe	 ﾠsmall	 ﾠchanges	 ﾠin	 ﾠEMG	 ﾠactivity	 ﾠI	 ﾠobserved	 ﾠcan	 ﾠnot	 ﾠexplain	 ﾠthe	 ﾠchange	 ﾠobserved	 ﾠ
in	 ﾠperformance	 ﾠin	 ﾠthe	 ﾠtraining	 ﾠtask.	 ﾠTraining	 ﾠhad	 ﾠvery	 ﾠlittle	 ﾠeffect	 ﾠon	 ﾠactivation	 ﾠpatterns	 ﾠand	 ﾠtraining	 ﾠ
at	 ﾠeither	 ﾠslow	 ﾠor	 ﾠfast	 ﾠspeed	 ﾠdidn’t	 ﾠalter	 ﾠour	 ﾠmeasures	 ﾠof	 ﾠactivation.	 ﾠA	 ﾠnumber	 ﾠof	 ﾠfactors	 ﾠmight	 ﾠ
explain	 ﾠthe	 ﾠlack	 ﾠof	 ﾠtranslation	 ﾠof	 ﾠthe	 ﾠperformance	 ﾠimprovements	 ﾠto	 ﾠEMG	 ﾠmeasures.	 ﾠFirstly,	 ﾠthe	 ﾠ
measures	 ﾠof	 ﾠEMG	 ﾠactivation	 ﾠpatterns	 ﾠused	 ﾠhere	 ﾠare	 ﾠfar	 ﾠless	 ﾠrefined	 ﾠthat	 ﾠin	 ﾠmathematical	 ﾠapproaches	 ﾠ
using	 ﾠfactor	 ﾠanalysis	 ﾠinvestigating	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠnumber	 ﾠand	 ﾠstructure	 ﾠof	 ﾠmuscle	 ﾠsynergies	 ﾠafter	 ﾠ
stroke	 ﾠ(Cheung	 ﾠet	 ﾠal.,	 ﾠ2009,	 ﾠCheung	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠThe	 ﾠcomputational	 ﾠanalysis	 ﾠused	 ﾠin	 ﾠthese	 ﾠ
approached	 ﾠenables	 ﾠa	 ﾠfar	 ﾠmore	 ﾠdetailed	 ﾠanalysis	 ﾠof	 ﾠactivation	 ﾠand	 ﾠthereby	 ﾠinsights	 ﾠinto	 ﾠchanges	 ﾠin	 ﾠ
neural	 ﾠcontrol	 ﾠ(d'Avella	 ﾠet	 ﾠal.,	 ﾠ2008,	 ﾠSafavynia	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠCheung	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠSecondly	 ﾠour	 ﾠ
training	 ﾠprotocol	 ﾠwas	 ﾠvery	 ﾠbrief,	 ﾠonly	 ﾠ4	 ﾠdays.	 ﾠWhether	 ﾠperformance	 ﾠchanges	 ﾠinduced	 ﾠby	 ﾠthis	 ﾠshort	 ﾠ
training	 ﾠprotocol	 ﾠresult	 ﾠin	 ﾠsignificant	 ﾠchanges	 ﾠof	 ﾠa	 ﾠvariable	 ﾠmeasure,	 ﾠlike	 ﾠEMG,	 ﾠprobably	 ﾠdepends	 ﾠon	 ﾠ




mechanisms	 ﾠin	 ﾠstroke	 ﾠsurvivors,	 ﾠgroup	 ﾠanalysis	 ﾠof	 ﾠalteration	 ﾠin	 ﾠEMG	 ﾠactivation	 ﾠcan	 ﾠfail	 ﾠto	 ﾠdetect	 ﾠ
changes	 ﾠ(Tropea	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠImprovements	 ﾠin	 ﾠaccuracy	 ﾠfor	 ﾠboth	 ﾠtraining	 ﾠgroups	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠby	 ﾠ
a	 ﾠvariety	 ﾠof	 ﾠfactors	 ﾠincluding	 ﾠimproved	 ﾠrecruitment	 ﾠrate	 ﾠof	 ﾠmuscle	 ﾠfibres	 ﾠas	 ﾠwell	 ﾠas	 ﾠincreased	 ﾠmuscle	 ﾠ
activity,	 ﾠwhich	 ﾠcould	 ﾠboth	 ﾠimprove	 ﾠreaching	 ﾠaccuracy	 ﾠ(Gowland	 ﾠet	 ﾠal.,	 ﾠ1992,	 ﾠBarker	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠIn	 ﾠ
this	 ﾠchapter	 ﾠI	 ﾠhave	 ﾠanalysed	 ﾠchanges	 ﾠto	 ﾠboth	 ﾠof	 ﾠthese	 ﾠmeasures	 ﾠbut	 ﾠdid	 ﾠnot	 ﾠobserve	 ﾠany	 ﾠclear	 ﾠchange	 ﾠ
induced	 ﾠby	 ﾠtraining.	 ﾠHowever	 ﾠmultiple	 ﾠother	 ﾠfactors	 ﾠcould	 ﾠalso	 ﾠimprove	 ﾠendpoint	 ﾠaccuracy.	 ﾠTri-ﾭ‐
phasic	 ﾠactivation	 ﾠpattern	 ﾠcould	 ﾠchange	 ﾠin	 ﾠrelation	 ﾠto	 ﾠthe	 ﾠevolution	 ﾠand	 ﾠco-ﾭ‐ordination	 ﾠof	 ﾠactivation	 ﾠof	 ﾠ
the	 ﾠagonist	 ﾠand	 ﾠantagonist	 ﾠactivity,	 ﾠalteration	 ﾠof	 ﾠtiming	 ﾠof	 ﾠactivity	 ﾠburst	 ﾠand	 ﾠearlier	 ﾠtermination	 ﾠof	 ﾠ
movement	 ﾠwith	 ﾠincreased	 ﾠemphasis	 ﾠon	 ﾠendpoint	 ﾠcontrol	 ﾠ(Barker	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠAnother	 ﾠpossibility	 ﾠ
could	 ﾠbe	 ﾠthat	 ﾠthis	 ﾠparadigm	 ﾠemphasising	 ﾠaccuracy	 ﾠactually	 ﾠreinforces	 ﾠrepeatability	 ﾠof	 ﾠa	 ﾠmovement	 ﾠ
rather	 ﾠthan	 ﾠan	 ﾠalteration	 ﾠin	 ﾠthe	 ﾠmotor	 ﾠcommand.	 ﾠHowever,	 ﾠthese	 ﾠmeasures	 ﾠare	 ﾠnot	 ﾠcaptured	 ﾠin	 ﾠour	 ﾠ
data	 ﾠanalysis	 ﾠas	 ﾠexplained	 ﾠin	 ﾠthe	 ﾠmethods	 ﾠsection	 ﾠof	 ﾠthis	 ﾠchapter	 ﾠand	 ﾠwe	 ﾠtherefore	 ﾠprobably	 ﾠlack	 ﾠthe	 ﾠ
sensitivity	 ﾠto	 ﾠdetect	 ﾠchanges	 ﾠin	 ﾠour	 ﾠmeasures.	 ﾠThat	 ﾠbeing	 ﾠsaid,	 ﾠthe	 ﾠuse	 ﾠof	 ﾠsupported	 ﾠmovements	 ﾠ
does	 ﾠnormalise	 ﾠmovements	 ﾠand	 ﾠhas	 ﾠin	 ﾠprevious	 ﾠexperiments	 ﾠshown	 ﾠnot	 ﾠto	 ﾠshow	 ﾠalteration	 ﾠthat	 ﾠare	 ﾠ
seen	 ﾠin	 ﾠunsupported	 ﾠmovements	 ﾠ(Lum	 ﾠet	 ﾠal.,	 ﾠ2004a).	 ﾠ
Biceps	 ﾠspasticity	 ﾠis	 ﾠa	 ﾠcommon	 ﾠpresentation	 ﾠafter	 ﾠstroke	 ﾠand	 ﾠis	 ﾠknown	 ﾠto	 ﾠbe	 ﾠexaggerated	 ﾠby	 ﾠ
increased	 ﾠvelocity	 ﾠ(Pandyan	 ﾠet	 ﾠal.,	 ﾠ2005).	 ﾠHowever	 ﾠexposure	 ﾠto	 ﾠrepeated	 ﾠmuscle	 ﾠactivity	 ﾠhas	 ﾠbeen	 ﾠ
reported	 ﾠto	 ﾠreduce	 ﾠspasticity	 ﾠ(Schmit	 ﾠet	 ﾠal.,	 ﾠ2000)	 ﾠand	 ﾠin	 ﾠline	 ﾠwith	 ﾠtheses	 ﾠfindings,	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠ
group	 ﾠhas	 ﾠa	 ﾠsignificant	 ﾠreduction	 ﾠin	 ﾠthe	 ﾠmodified	 ﾠAshworth	 ﾠscale,	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠstiffness,	 ﾠafter	 ﾠ
training.	 ﾠ	 ﾠThe	 ﾠcontinual	 ﾠexposure	 ﾠto	 ﾠfast	 ﾠmovements	 ﾠthat	 ﾠthe	 ﾠindividuals	 ﾠin	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup	 ﾠ
were	 ﾠexposed	 ﾠto	 ﾠin	 ﾠthis	 ﾠtraining	 ﾠparadigm	 ﾠdid	 ﾠhowever	 ﾠnot	 ﾠalter	 ﾠthe	 ﾠmaximum	 ﾠbiceps	 ﾠactivity,	 ﾠwhich	 ﾠ
could	 ﾠbe	 ﾠan	 ﾠindicator	 ﾠof	 ﾠbiceps	 ﾠspasticity.	 ﾠ	 ﾠ
A	 ﾠfurther	 ﾠline	 ﾠof	 ﾠinvestigation	 ﾠthat	 ﾠcould	 ﾠhave	 ﾠbeen	 ﾠinteresting	 ﾠwould	 ﾠbe	 ﾠto	 ﾠdifferentiate	 ﾠhow	 ﾠ




activation),	 ﾠrelates	 ﾠto	 ﾠTMS	 ﾠresponses	 ﾠobserved	 ﾠwhen	 ﾠstimulating	 ﾠdifferent	 ﾠpathways	 ﾠbut	 ﾠbecause	 ﾠwe	 ﾠ
decided	 ﾠto	 ﾠonly	 ﾠmeasure	 ﾠmean	 ﾠactivation	 ﾠthis	 ﾠanalysis	 ﾠwas	 ﾠnot	 ﾠexplored	 ﾠin	 ﾠthe	 ﾠthesis.	 ﾠ	 ﾠ
EMG	 ﾠhas	 ﾠbeen	 ﾠused	 ﾠto	 ﾠassess	 ﾠalterations	 ﾠin	 ﾠmuscle	 ﾠactivation	 ﾠpatterns	 ﾠbut	 ﾠinterpretation	 ﾠof	 ﾠthis	 ﾠ
noisy	 ﾠmulti-ﾭ‐faceted	 ﾠsignal	 ﾠis	 ﾠknown	 ﾠto	 ﾠbe	 ﾠdifficult	 ﾠ(McCrea	 ﾠet	 ﾠal.,	 ﾠ2005).	 ﾠI	 ﾠhere	 ﾠinvestigated	 ﾠthe	 ﾠ
pattern	 ﾠof	 ﾠEMG	 ﾠactivation	 ﾠduring	 ﾠfast	 ﾠsupported	 ﾠreaches	 ﾠand	 ﾠthe	 ﾠeffect	 ﾠthat	 ﾠ4	 ﾠdays	 ﾠof	 ﾠtraining	 ﾠhad	 ﾠ
on	 ﾠthese	 ﾠpatterns.	 ﾠI	 ﾠfound	 ﾠa	 ﾠsurprisingly	 ﾠsimilar	 ﾠamount	 ﾠand	 ﾠpattern	 ﾠof	 ﾠmuscle	 ﾠactivation	 ﾠbetween	 ﾠ
the	 ﾠaffected	 ﾠand	 ﾠthe	 ﾠunaffected	 ﾠarm	 ﾠand	 ﾠtraining	 ﾠdid	 ﾠnot	 ﾠresult	 ﾠin	 ﾠsignificant	 ﾠchanges	 ﾠhat	 ﾠcould	 ﾠshow	 ﾠ
a	 ﾠtraining	 ﾠeffect	 ﾠnor	 ﾠa	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠtraining	 ﾠgroups.	 ﾠ










8.1.  Summary ﾠ
In	 ﾠthis	 ﾠthesis	 ﾠI	 ﾠpresent	 ﾠtwo	 ﾠstudies	 ﾠinvestigating	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠtraining	 ﾠat	 ﾠeither	 ﾠslow	 ﾠor	 ﾠ
fast	 ﾠmovement	 ﾠspeed	 ﾠon	 ﾠmotor	 ﾠlearning.	 ﾠOne	 ﾠstudy	 ﾠinvestigates	 ﾠthis	 ﾠlearning	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠ
and	 ﾠone	 ﾠin	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke.	 ﾠ
Chapter	 ﾠ4	 ﾠdemonstrates	 ﾠthat	 ﾠin	 ﾠhealthy	 ﾠindividuals	 ﾠtraining	 ﾠspeed	 ﾠinfluences	 ﾠthe	 ﾠchoice	 ﾠof	 ﾠ
movement	 ﾠspeed	 ﾠafter	 ﾠthe	 ﾠtraining	 ﾠand	 ﾠthereby	 ﾠforms	 ﾠa	 ﾠhabitual	 ﾠmovement	 ﾠspeed.	 ﾠTraining	 ﾠat	 ﾠboth	 ﾠ
fast	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠshow	 ﾠtraining	 ﾠspeed	 ﾠspecific	 ﾠimprovements	 ﾠin	 ﾠaccuracy.	 ﾠ
Chapter	 ﾠ5	 ﾠshows	 ﾠthat	 ﾠchronic	 ﾠstroke	 ﾠpatients	 ﾠare	 ﾠable	 ﾠto	 ﾠimprove	 ﾠat	 ﾠthis	 ﾠtask	 ﾠwhich	 ﾠdoes	 ﾠnot	 ﾠ
allow	 ﾠcompensatory	 ﾠstrategies.	 ﾠTraining	 ﾠat	 ﾠslow	 ﾠas	 ﾠwell	 ﾠas	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠresults	 ﾠin	 ﾠtraining	 ﾠ
speed	 ﾠspecific	 ﾠimprovements.	 ﾠSensory	 ﾠimpairment	 ﾠreduces	 ﾠlearning	 ﾠand	 ﾠspasticity	 ﾠand	 ﾠmuscle	 ﾠ
weakness	 ﾠinfluence	 ﾠbaseline	 ﾠperformance.	 ﾠSpasticity	 ﾠis	 ﾠnot	 ﾠincreased	 ﾠby	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠ
speed.	 ﾠ
Chapter	 ﾠ6	 ﾠshows	 ﾠthat	 ﾠin	 ﾠour	 ﾠgroup	 ﾠof	 ﾠstroke	 ﾠpatients	 ﾠthe	 ﾠpresence	 ﾠand	 ﾠnormal	 ﾠlatency	 ﾠof	 ﾠ
corticospinal	 ﾠconnections	 ﾠfrom	 ﾠthe	 ﾠaffected	 ﾠhemisphere	 ﾠto	 ﾠthe	 ﾠaffected	 ﾠlimb	 ﾠpredict	 ﾠfunctional	 ﾠ
ability.	 ﾠTraining	 ﾠat	 ﾠfast	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠspeed	 ﾠhad	 ﾠdifferential	 ﾠeffects	 ﾠon	 ﾠthe	 ﾠincidence	 ﾠof	 ﾠMEP	 ﾠ
responses	 ﾠin	 ﾠthe	 ﾠaffected	 ﾠupper	 ﾠlimb	 ﾠwhen	 ﾠstimulating	 ﾠthe	 ﾠcontralateral	 ﾠhemisphere.	 ﾠ
Chapter	 ﾠ7	 ﾠdemonstrates	 ﾠthat	 ﾠin	 ﾠthis	 ﾠsupported	 ﾠreaching	 ﾠparadigm	 ﾠEMG	 ﾠpatterns	 ﾠfor	 ﾠthe	 ﾠ
chronic	 ﾠstroke	 ﾠpatients	 ﾠare	 ﾠnot	 ﾠabnormal	 ﾠand	 ﾠvery	 ﾠlittle	 ﾠevidence	 ﾠof	 ﾠstereotypical	 ﾠactivation	 ﾠpatterns	 ﾠ
are	 ﾠobserved.	 ﾠ	 ﾠ
In	 ﾠsummary	 ﾠthis	 ﾠthesis	 ﾠshows	 ﾠthat	 ﾠchronic	 ﾠstroke	 ﾠpatients	 ﾠcan	 ﾠimprove	 ﾠtheir	 ﾠperformance	 ﾠin	 ﾠ
this	 ﾠreaching	 ﾠtask	 ﾠwith	 ﾠintensive	 ﾠpractice,	 ﾠhowever,	 ﾠthe	 ﾠaccuracy	 ﾠimprovements	 ﾠdo	 ﾠnot	 ﾠtransfer	 ﾠ
broadly	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeeds.	 ﾠTraining	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠis	 ﾠnot	 ﾠdetrimental	 ﾠto	 ﾠ




The	 ﾠcentral	 ﾠmessages	 ﾠare:	 ﾠ
•  The	 ﾠmovement	 ﾠspeed	 ﾠduring	 ﾠtraining	 ﾠinfluences	 ﾠthe	 ﾠchoice	 ﾠof	 ﾠmovement	 ﾠspeed	 ﾠafter	 ﾠthe	 ﾠ
training.	 ﾠThe	 ﾠclinical	 ﾠimplication	 ﾠis	 ﾠthat	 ﾠas	 ﾠtraining	 ﾠregimes	 ﾠtend	 ﾠto	 ﾠbe	 ﾠperformed	 ﾠwith	 ﾠan	 ﾠ
emphasis	 ﾠon	 ﾠmovement	 ﾠaccuracy	 ﾠat	 ﾠslow	 ﾠmovement	 ﾠspeed,	 ﾠthe	 ﾠslowness	 ﾠof	 ﾠmovement	 ﾠ
observed	 ﾠin	 ﾠindividuals	 ﾠafter	 ﾠneurological	 ﾠevent	 ﾠas	 ﾠwell	 ﾠas	 ﾠin	 ﾠhealthy	 ﾠageing	 ﾠis	 ﾠreinforced.	 ﾠ
However	 ﾠmotor	 ﾠtasks	 ﾠin	 ﾠdaily	 ﾠlife	 ﾠrequire	 ﾠalterations	 ﾠin	 ﾠmovement	 ﾠspeed	 ﾠdepending	 ﾠon	 ﾠthe	 ﾠ
accuracy	 ﾠrequirements	 ﾠas	 ﾠwell	 ﾠas	 ﾠtask	 ﾠurgency	 ﾠ(Fitts,	 ﾠ1954).	 ﾠInclusion	 ﾠof	 ﾠfast	 ﾠmovements	 ﾠduring	 ﾠ
rehabilitation	 ﾠprogrammes	 ﾠwould	 ﾠprevent	 ﾠreinforcing	 ﾠslowing	 ﾠof	 ﾠmovement.	 ﾠ
•  The	 ﾠimprovements	 ﾠin	 ﾠmovement	 ﾠaccuracy	 ﾠwere	 ﾠtraining	 ﾠspeed	 ﾠspecific	 ﾠand	 ﾠdidn’t	 ﾠgeneralise	 ﾠ
broadly	 ﾠto	 ﾠother	 ﾠmovement	 ﾠspeeds.	 ﾠThese	 ﾠlocal	 ﾠimprovements	 ﾠindicate	 ﾠthat	 ﾠthe	 ﾠlearning	 ﾠ
mechanisms	 ﾠat	 ﾠthe	 ﾠtwo	 ﾠdifferent	 ﾠspeeds	 ﾠare	 ﾠdifferent.	 ﾠOur	 ﾠresults	 ﾠcan	 ﾠonly	 ﾠpropose	 ﾠthat	 ﾠthis	 ﾠ
could	 ﾠbe	 ﾠdue	 ﾠto	 ﾠbetter	 ﾠintegration	 ﾠof	 ﾠfeedback	 ﾠin	 ﾠthe	 ﾠslow	 ﾠtraining	 ﾠgroup	 ﾠand	 ﾠin	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠ
group	 ﾠan	 ﾠimproved	 ﾠability	 ﾠto	 ﾠpredict	 ﾠaltered	 ﾠlimb	 ﾠdynamics	 ﾠat	 ﾠfast	 ﾠvelocities	 ﾠand	 ﾠresultant	 ﾠ
alterations	 ﾠof	 ﾠthe	 ﾠfeed	 ﾠforward	 ﾠcommand.	 ﾠBoth	 ﾠmovement	 ﾠspeeds	 ﾠare	 ﾠclearly	 ﾠimportant	 ﾠin	 ﾠdaily	 ﾠ
life	 ﾠand	 ﾠthe	 ﾠtwo	 ﾠdifferent	 ﾠlearning	 ﾠmechanisms	 ﾠare	 ﾠprobably	 ﾠimportant	 ﾠas	 ﾠwell.	 ﾠ	 ﾠ
•  Fast	 ﾠmovement	 ﾠin	 ﾠthe	 ﾠtraining	 ﾠprotocol	 ﾠwere	 ﾠnot	 ﾠdetrimental	 ﾠto	 ﾠindividuals	 ﾠaffected	 ﾠby	 ﾠstroke	 ﾠ
and	 ﾠdid	 ﾠnot	 ﾠincrease	 ﾠspasticity.	 ﾠThe	 ﾠtwo	 ﾠtraining	 ﾠprotocols,	 ﾠslow	 ﾠas	 ﾠwell	 ﾠas	 ﾠfast	 ﾠmovement,	 ﾠwere	 ﾠ
equally	 ﾠeffective	 ﾠat	 ﾠimproving	 ﾠendpoint	 ﾠaccuracy	 ﾠalthough.	 ﾠHowever	 ﾠa	 ﾠdistinct	 ﾠdifference	 ﾠ
between	 ﾠmoving	 ﾠat	 ﾠslow	 ﾠand	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠis	 ﾠthat	 ﾠmoving	 ﾠat	 ﾠhigher	 ﾠvelocity	 ﾠis	 ﾠmore	 ﾠ
effortful	 ﾠ(Newton’s	 ﾠII	 ﾠLaw	 ﾠof	 ﾠMotion,	 ﾠ(Newton,	 ﾠ1687)).	 ﾠTherefore	 ﾠincluding	 ﾠfast	 ﾠmovement	 ﾠin	 ﾠ
training	 ﾠregimes	 ﾠwill	 ﾠon	 ﾠits	 ﾠown	 ﾠincrease	 ﾠthe	 ﾠforce	 ﾠrequired	 ﾠduring	 ﾠthe	 ﾠtraining,	 ﾠa	 ﾠproperty	 ﾠof	 ﾠ
training	 ﾠregimes	 ﾠthat	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠachieve	 ﾠin	 ﾠthe	 ﾠrehabilitation	 ﾠsetting	 ﾠ(Lang	 ﾠet	 ﾠal.,	 ﾠ2009).	 ﾠ




8.2.  Future	 ﾠResearch	 ﾠ
It	 ﾠwould	 ﾠbe	 ﾠinteresting	 ﾠto	 ﾠfurther	 ﾠexplore	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠmovement	 ﾠvelocity	 ﾠduring	 ﾠ
training,	 ﾠon	 ﾠmotor	 ﾠlearning	 ﾠwithin	 ﾠthese	 ﾠbroad	 ﾠcategories.	 ﾠ
•  Investigating	 ﾠthe	 ﾠoptimal	 ﾠregime	 ﾠto	 ﾠincorporate	 ﾠdifferent	 ﾠmovement	 ﾠvelocities	 ﾠ
•  Establishing	 ﾠthe	 ﾠmechanical	 ﾠdifference	 ﾠimposed	 ﾠby	 ﾠslow	 ﾠand	 ﾠfast	 ﾠmovement	 ﾠ	 ﾠ
•  Investigating	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠfast	 ﾠand	 ﾠslow	 ﾠmovements	 ﾠon	 ﾠhypertonus	 ﾠand	 ﾠspasticity.	 ﾠ
•  Studying	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠtraining	 ﾠvelocity	 ﾠin	 ﾠthe	 ﾠacute/sub-ﾭ‐acute	 ﾠphase	 ﾠafter	 ﾠstroke	 ﾠ
•  Studying	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠneuroplasticity	 ﾠinducing	 ﾠprotocols	 ﾠand	 ﾠdifferent	 ﾠmovement	 ﾠ
velocities	 ﾠduring	 ﾠtraining	 ﾠ
8.2.1. Optimal	 ﾠtraining	 ﾠregime	 ﾠ
This	 ﾠpilot	 ﾠstudy	 ﾠinvestigated	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠ4	 ﾠdays	 ﾠof	 ﾠtraining	 ﾠat	 ﾠeither	 ﾠfast	 ﾠor	 ﾠslow	 ﾠmovement	 ﾠ
speed.	 ﾠThis	 ﾠis	 ﾠa	 ﾠvery	 ﾠbrief	 ﾠtraining	 ﾠperiod	 ﾠand	 ﾠnormal	 ﾠrehabilitation	 ﾠregimes	 ﾠcomprise	 ﾠof	 ﾠbetween	 ﾠ3-ﾭ‐6	 ﾠ
weeks	 ﾠof	 ﾠdaily	 ﾠpractice.	 ﾠIt	 ﾠwould	 ﾠtherefore	 ﾠbe	 ﾠbeneficial	 ﾠto	 ﾠinvestigate	 ﾠchanges	 ﾠin	 ﾠprimary	 ﾠand	 ﾠ
secondary	 ﾠoutcome	 ﾠmeasures	 ﾠfor	 ﾠtraining	 ﾠregimes	 ﾠof	 ﾠ10-ﾭ‐20	 ﾠone	 ﾠhour	 ﾠsessions.	 ﾠ
In	 ﾠthis	 ﾠstudy	 ﾠthe	 ﾠparticipants	 ﾠperformed	 ﾠthe	 ﾠtraining	 ﾠeither	 ﾠonly	 ﾠat	 ﾠslow	 ﾠor	 ﾠonly	 ﾠat	 ﾠfast	 ﾠ
movement	 ﾠspeed	 ﾠbecause	 ﾠI	 ﾠwas	 ﾠinterested	 ﾠhow	 ﾠmovement	 ﾠat	 ﾠfast	 ﾠmovement	 ﾠspeeds	 ﾠinfluenced	 ﾠ
learning	 ﾠand	 ﾠspasticity.	 ﾠHowever	 ﾠit	 ﾠis	 ﾠrecognised	 ﾠthat	 ﾠit	 ﾠis	 ﾠbetter	 ﾠif	 ﾠtraining	 ﾠto	 ﾠperform	 ﾠdistributed	 ﾠ
practice,	 ﾠinvolving	 ﾠa	 ﾠvariable	 ﾠtraining	 ﾠstructure	 ﾠ(Shea	 ﾠand	 ﾠKohl,	 ﾠ1991).	 ﾠMixed	 ﾠpractice	 ﾠdoes	 ﾠnot	 ﾠlead	 ﾠ
to	 ﾠgreater	 ﾠamount	 ﾠof	 ﾠlearning	 ﾠbut	 ﾠcrucially	 ﾠit	 ﾠresults	 ﾠin	 ﾠbetter	 ﾠretention.	 ﾠ	 ﾠTherefore	 ﾠa	 ﾠtrial	 ﾠ
investigating	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠa	 ﾠtraining	 ﾠschedule	 ﾠincluding	 ﾠdifferent	 ﾠmovement	 ﾠspeeds	 ﾠwould	 ﾠbe	 ﾠ
a	 ﾠworthwhile	 ﾠfollow-ﾭ‐up	 ﾠstud	 ﾠto	 ﾠthis	 ﾠproject	 ﾠ
8.2.2. Mechanical	 ﾠdifference	 ﾠimposed	 ﾠby	 ﾠmovement	 ﾠspeed	 ﾠ
The	 ﾠincomplete	 ﾠgeneralisation	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeed	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠtwo	 ﾠ




speculate	 ﾠthat	 ﾠthe	 ﾠdifferent	 ﾠis	 ﾠdue	 ﾠto	 ﾠa	 ﾠreliance	 ﾠon	 ﾠfeedforward	 ﾠlearning	 ﾠin	 ﾠthe	 ﾠslow	 ﾠgroup	 ﾠand	 ﾠa	 ﾠ
better	 ﾠmotor	 ﾠplan	 ﾠdue	 ﾠto	 ﾠfeedforward	 ﾠlearning	 ﾠin	 ﾠthe	 ﾠfast	 ﾠtraining	 ﾠgroup.	 ﾠ
It	 ﾠwould	 ﾠbe	 ﾠinteresting	 ﾠto	 ﾠperform	 ﾠa	 ﾠstudy	 ﾠto	 ﾠtease	 ﾠapart	 ﾠthe	 ﾠdifferences	 ﾠbetween	 ﾠthese	 ﾠ
paradigms.	 ﾠInteraction	 ﾠtorques	 ﾠat	 ﾠthe	 ﾠshoulder	 ﾠand	 ﾠelbow	 ﾠjoints	 ﾠshould	 ﾠbe	 ﾠcalculated	 ﾠand	 ﾠanalyses	 ﾠ
could	 ﾠinvestigate	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠtraining	 ﾠat	 ﾠthe	 ﾠtwo	 ﾠmovement	 ﾠspeeds	 ﾠon	 ﾠcompensation	 ﾠfor	 ﾠthese	 ﾠ
torques	 ﾠ(Sukal-ﾭ‐Moulton	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠFeedforward	 ﾠleaning	 ﾠwill	 ﾠbe	 ﾠevident	 ﾠin	 ﾠa	 ﾠreduction	 ﾠin	 ﾠthe	 ﾠ
variability	 ﾠof	 ﾠthe	 ﾠinitial	 ﾠmovement	 ﾠperformance,	 ﾠwhile	 ﾠfeedback	 ﾠintegration	 ﾠwould	 ﾠalter	 ﾠthe	 ﾠlater	 ﾠ
aspect	 ﾠof	 ﾠthe	 ﾠmovement	 ﾠ(Shadmehr	 ﾠand	 ﾠWise,	 ﾠ2005).	 ﾠ	 ﾠ
8.2.3. Investigating	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠfast	 ﾠand	 ﾠslow	 ﾠmovements	 ﾠon	 ﾠhypertonus	 ﾠand	 ﾠspasticity	 ﾠ
I	 ﾠmeasured	 ﾠhypertonus	 ﾠat	 ﾠrest,	 ﾠwith	 ﾠthe	 ﾠMAS,	 ﾠalthough	 ﾠthe	 ﾠpresence	 ﾠand	 ﾠmanifestation	 ﾠof	 ﾠ
spasticity	 ﾠduring	 ﾠmovement	 ﾠis	 ﾠknown	 ﾠto	 ﾠbe	 ﾠvery	 ﾠdifferent	 ﾠ(Mottram	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ	 ﾠThe	 ﾠMAS	 ﾠmeasure	 ﾠ
indicated	 ﾠthat	 ﾠhypertonus	 ﾠinfluences	 ﾠbaseline	 ﾠreaching	 ﾠperformance	 ﾠand	 ﾠthat	 ﾠindividuals	 ﾠtraining	 ﾠat	 ﾠ
the	 ﾠfast	 ﾠmovement	 ﾠspeed	 ﾠreducesd	 ﾠtheir	 ﾠMAS	 ﾠscore.	 ﾠHowever,	 ﾠthe	 ﾠreduction	 ﾠwas	 ﾠvery	 ﾠsmall	 ﾠand	 ﾠwhy	 ﾠ
spasticity	 ﾠreduced	 ﾠin	 ﾠthis	 ﾠgroup	 ﾠcan	 ﾠonly	 ﾠbe	 ﾠspeculated	 ﾠat	 ﾠwith	 ﾠthis	 ﾠdata	 ﾠset.	 ﾠDoes	 ﾠrepetitive	 ﾠ
motoneuron	 ﾠfiring	 ﾠalter	 ﾠthe	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠmuscle	 ﾠor	 ﾠare	 ﾠthe	 ﾠchanges	 ﾠdue	 ﾠto	 ﾠalterations	 ﾠin	 ﾠthe	 ﾠ
muscle	 ﾠstiffnes	 ﾠdue	 ﾠto	 ﾠnon-ﾭ‐neural	 ﾠfactors?	 ﾠ
It	 ﾠwould	 ﾠbe	 ﾠinteresting	 ﾠto	 ﾠperform	 ﾠa	 ﾠstudy	 ﾠincreasing	 ﾠour	 ﾠinsight	 ﾠinto	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠ
hypertonus	 ﾠand	 ﾠspasticity	 ﾠwhen	 ﾠperforming	 ﾠthese	 ﾠmovements	 ﾠat	 ﾠvarious	 ﾠmovement	 ﾠspeeds.	 ﾠSurface	 ﾠ
EMG	 ﾠrecordings	 ﾠduring	 ﾠdifferent	 ﾠmovement	 ﾠvelocities	 ﾠin	 ﾠthe	 ﾠmaniupulandum	 ﾠcould	 ﾠbe	 ﾠcorrelated	 ﾠto	 ﾠ
kinematic	 ﾠmeasures	 ﾠof	 ﾠvelocity,	 ﾠmaximal	 ﾠforce,	 ﾠdeviations	 ﾠfrom	 ﾠthe	 ﾠtrajectory	 ﾠand	 ﾠused	 ﾠfor	 ﾠanalysis	 ﾠ
of	 ﾠtri-ﾭ‐phasic	 ﾠactivation	 ﾠpatterns	 ﾠ(Lum	 ﾠet	 ﾠal.,	 ﾠ2004b,	 ﾠDietz	 ﾠand	 ﾠSinkjaer,	 ﾠ2007,	 ﾠMottram	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠ
Additionally	 ﾠEMG	 ﾠactivity	 ﾠduring	 ﾠpassive	 ﾠmovement	 ﾠat	 ﾠa	 ﾠvariety	 ﾠof	 ﾠvelocities	 ﾠcould	 ﾠbe	 ﾠcorrelated	 ﾠto	 ﾠ
encountered	 ﾠforces	 ﾠand	 ﾠangular	 ﾠvelocity	 ﾠusing	 ﾠgoniometry	 ﾠand	 ﾠdynamometry	 ﾠ(Berger	 ﾠet	 ﾠal.,	 ﾠ1988,	 ﾠ




8.2.4. Effectiveness	 ﾠof	 ﾠtraining	 ﾠregime	 ﾠin	 ﾠacute	 ﾠstage	 ﾠ
This	 ﾠthesis	 ﾠinvestigated	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠthese	 ﾠtraining	 ﾠregimes	 ﾠin	 ﾠchronic	 ﾠstroke	 ﾠ
survivors.	 ﾠHowever	 ﾠrehabilitation	 ﾠafter	 ﾠstroke	 ﾠis	 ﾠprovided	 ﾠprimarily	 ﾠin	 ﾠthe	 ﾠacute	 ﾠstage	 ﾠwith	 ﾠonly	 ﾠ
limited	 ﾠinput	 ﾠdelivered	 ﾠafter	 ﾠthe	 ﾠfirst	 ﾠ3	 ﾠmonths	 ﾠof	 ﾠtraining.	 ﾠTherefore	 ﾠit	 ﾠwill	 ﾠbe	 ﾠinteresting	 ﾠto	 ﾠperform	 ﾠ
a	 ﾠfollow-ﾭ‐up	 ﾠstudy	 ﾠinvestigating	 ﾠhow	 ﾠtraining	 ﾠat	 ﾠfast	 ﾠand	 ﾠslow	 ﾠmovement	 ﾠvelocities	 ﾠin	 ﾠthe	 ﾠacute	 ﾠto	 ﾠ
subacute	 ﾠrehabilitation	 ﾠphase	 ﾠinfluence	 ﾠlearning.	 ﾠIt	 ﾠis	 ﾠknown	 ﾠthat	 ﾠrehabilitation	 ﾠis	 ﾠmost	 ﾠeffective	 ﾠin	 ﾠ
this	 ﾠperiod	 ﾠof	 ﾠheightened	 ﾠneuroplasticity	 ﾠ(Krakauer	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠ	 ﾠ
Another	 ﾠvery	 ﾠinteresting	 ﾠstudy	 ﾠwould	 ﾠinvestigate	 ﾠthe	 ﾠevolution	 ﾠof	 ﾠipsilateral	 ﾠconnections	 ﾠ
during	 ﾠthe	 ﾠacute	 ﾠstage	 ﾠand	 ﾠwhether	 ﾠtargeted	 ﾠinterventions	 ﾠto	 ﾠincrease	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠthese	 ﾠ
pathways	 ﾠin	 ﾠmore	 ﾠseverely	 ﾠaffected	 ﾠindividuals	 ﾠcould	 ﾠlead	 ﾠto	 ﾠgreater	 ﾠfunctional	 ﾠgains.	 ﾠ
8.2.5. Enhancing	 ﾠneuroplasticity	 ﾠduring	 ﾠtraining	 ﾠregimes	 ﾠ
A	 ﾠfurther	 ﾠinteresting	 ﾠfollow-ﾭ‐up	 ﾠstudy	 ﾠwould	 ﾠestablish	 ﾠif	 ﾠlearning	 ﾠcan	 ﾠbe	 ﾠenhanced	 ﾠby	 ﾠ
plasticity	 ﾠinducing	 ﾠprotocols.	 ﾠNon-ﾭ‐invasive	 ﾠbrain	 ﾠstimulation	 ﾠparadigms	 ﾠ(Ziemann	 ﾠet	 ﾠal.,	 ﾠ2008)	 ﾠare	 ﾠ
known	 ﾠto	 ﾠinteract	 ﾠwith	 ﾠsynaptic	 ﾠplasticity	 ﾠin	 ﾠthe	 ﾠhuman	 ﾠbrain	 ﾠwhen	 ﾠadministered	 ﾠin	 ﾠcombination	 ﾠ
with	 ﾠtargeted	 ﾠphysical	 ﾠtherapy.	 ﾠA	 ﾠstudy	 ﾠwould	 ﾠneed	 ﾠto	 ﾠbe	 ﾠdesigned	 ﾠwith	 ﾠcare	 ﾠto	 ﾠprevent	 ﾠtype	 ﾠII	 ﾠerror	 ﾠ
due	 ﾠto	 ﾠinter-ﾭ‐individual	 ﾠvariability	 ﾠin	 ﾠresponse	 ﾠto	 ﾠstimulation	 ﾠparadigms	 ﾠ(Hamada	 ﾠet	 ﾠal.,	 ﾠ2013,	 ﾠ
Wiethoff	 ﾠet	 ﾠal.,	 ﾠ2014).	 ﾠExperiments	 ﾠshould	 ﾠinclude	 ﾠmeasures	 ﾠof	 ﾠBDNF	 ﾠpolymorphisms	 ﾠ(Cheeran	 ﾠet	 ﾠal.,	 ﾠ
2008)	 ﾠand	 ﾠMRS	 ﾠspectroscopy	 ﾠto	 ﾠmeasure	 ﾠGABA	 ﾠlevels	 ﾠ(Stagg,	 ﾠ2014),	 ﾠboth	 ﾠpredictors	 ﾠof	 ﾠ
neuroplasticity.	 ﾠ
Consideration	 ﾠwould	 ﾠalso	 ﾠneed	 ﾠto	 ﾠbe	 ﾠgiven	 ﾠto	 ﾠthe	 ﾠpathway	 ﾠthat	 ﾠthis	 ﾠstimulation	 ﾠwould	 ﾠbe	 ﾠ
aimed	 ﾠat.	 ﾠThe	 ﾠipsilateral,	 ﾠprobably	 ﾠreticulospinal	 ﾠconnections	 ﾠto	 ﾠthe	 ﾠaffected	 ﾠlimb	 ﾠhave	 ﾠbeen	 ﾠ
proposed	 ﾠas	 ﾠa	 ﾠpossible	 ﾠintact	 ﾠpathway	 ﾠto	 ﾠtarget	 ﾠin	 ﾠstimulation	 ﾠparadigms	 ﾠ(Bradnam	 ﾠet	 ﾠal.,	 ﾠ2011,	 ﾠ
Zaaimi	 ﾠet	 ﾠal.,	 ﾠ2012,	 ﾠBradnam	 ﾠet	 ﾠal.,	 ﾠ2013).	 ﾠHowever,	 ﾠin	 ﾠour	 ﾠchronic	 ﾠstroke	 ﾠpopulation	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠ
this	 ﾠpathway	 ﾠwas	 ﾠnot	 ﾠcorrelated	 ﾠto	 ﾠfunctional	 ﾠability.	 ﾠThe	 ﾠimprovements	 ﾠin	 ﾠperformance	 ﾠI	 ﾠobserved	 ﾠ




8.3.  Closing	 ﾠstatement	 ﾠ
Activities	 ﾠof	 ﾠdaily	 ﾠlife	 ﾠrequire	 ﾠmovements	 ﾠat	 ﾠvarious	 ﾠmovement	 ﾠspeeds,	 ﾠbut	 ﾠstroke	 ﾠpatients	 ﾠare	 ﾠ
trained	 ﾠat	 ﾠslow	 ﾠmovement	 ﾠspeed.	 ﾠGeneralisation	 ﾠto	 ﾠnon-ﾭ‐trained	 ﾠmovement	 ﾠspeeds	 ﾠis	 ﾠhowever	 ﾠ
limited,	 ﾠindicating	 ﾠthat	 ﾠmovements	 ﾠat	 ﾠfast	 ﾠand	 ﾠslow	 ﾠspeed	 ﾠare	 ﾠinherently	 ﾠdifferent.	 ﾠIf	 ﾠwe	 ﾠdo	 ﾠnot	 ﾠtrain	 ﾠ
individuals	 ﾠto	 ﾠperform	 ﾠfast	 ﾠmovements	 ﾠthey	 ﾠwill	 ﾠnever	 ﾠlearn	 ﾠto	 ﾠperform	 ﾠthese.	 ﾠ
Therefore	 ﾠI	 ﾠrecommend,	 ﾠthat	 ﾠa	 ﾠvariety	 ﾠof	 ﾠmovement	 ﾠspeeds	 ﾠshould	 ﾠbe	 ﾠincorporated	 ﾠinto	 ﾠtraining	 ﾠ
regimes	 ﾠto	 ﾠequip	 ﾠindividuals	 ﾠwith	 ﾠmovement	 ﾠstrategies	 ﾠto	 ﾠperform	 ﾠmovements	 ﾠat	 ﾠall	 ﾠdemands	 ﾠalong	 ﾠ
the	 ﾠspeed-ﾭ‐accuracy	 ﾠtrade-ﾭ‐off	 ﾠfunction.	 ﾠ
	 ﾠ
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